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SUMMARY 
Forty-two species of Casuarina occur in Australia, 
occupying a wide variety of habitats and being present 
in most parts of the continent. Maps showing the 
distribution of each Australian species have been 
compiled from herbarium records and ecological reports. 
Casuarinas form symbiotic root nodules which are 
capable of fixing atmospheric nitrogen at relatively 
high rates . . This property is probably associated with 
the pioneer · roles of mahy Casuarina species in primary 
and secondary successional sequences, and gives the genus 
great potential _value for rehabilitating severely 
disturbed sites or sites where soil nitrogen content -
is inadequate for vigorous growth by other plant species. 
Three species of Casuarina have been studied in 
some detail. In the field records have been made _for 
one hundred natural stands of . each species, and the .soil 
and plant samples collected at each site were chemically 
analysed in . the laboratory . . The wide range of 
environmental . conditions to . which species of the gen us 
have adapted was exemplified by this study. 
£. glauca occurs on low-lying swampy land, generall y 
in close proximity to brackish or salty wat~r. Soils 
under stands of C. glauca are usually dark coloured, 
acidic, and very rich in .organic matter, total nitrogen 
and sodium. £ . . cunninghamiana occurs in association 
with fresh-water streams, frequently colonizing gravel 
xii 
beds in the floors of the rivers. Soils under 
f. cunninghamiana are generally light coloured, light 
textured, and are more alkaline and have much lesser 
concentrations of nitrogen and sodium than soils under 
f. glauca. C. cristata occurs in areas receiving 
unreliable and relatively little rainfall; potential 
evaporation may be twelve times as great as average 
annual rainfall . . Soils under stands of C. cristata 
are usually -redder than those under the previous two 
species, and are more alkaline at depth, but otherwise 
chemically similar to soils under£. cunninghamiana. 
There is considerable variation in tree form and site 
characteristics within C. cristata, apparently related 
to water availability. 
A glasshouse experiment showed that although these 
three species . occur naturally on soils with different 
ranges _of pH~ seedling response to pH of nutrient 
solutions {adjusted to a pH .range approximating the 
range occurring in soils) was similar in each species. 
Each species . showed markedly .greater growth at nutrient 
soluti0n pH 6-7 than at more acid or more alkaline pH 
values. 
Effect of nutrient solution pH on nutrient uptake 
was a .probable cause of this growth response to nutrient 
solution pH. _ Chemical analysis.of seedlings showed 
uptake _of most major nutrient elements to be strongly 
influenced by pH. 
xiii 
Nutrient solution pH also greatly influenced 
nodulation of . seedlings of each of the three species 
inoculated .with endophyte organisms from nodules 
collected from . the roots of a natural stand of 
£. cunainghamiana. Again response to pH of the nutrient 
solution was si·milar in each s·pecies. 
An experiment was conducted to investigate tbe 
degree of host~endophyte specificity within the _genus. 
Seedlings of .six Casuarina species were - inoculated with 
nodule organisms .collected from natural stands of each 
of the six species. The results indicated considerable 
differ.ences ~witbin the host species between .differ.ent 
endophyte sources, and also great differences between 
host species. 
This . study has demonstrated that Casuarinas are 
capable .of - impressive rates of nitrogen fixation when an 
efficient bast - species is inoculated with an .appropriate 
endophyte, ~and that although the different species .occur 
nat~rally in different ecological situations, their 
xiv 
natural ecological range may not reflect their physiologi cal 
optimum conditions. 
Wben . Cas.uarinas are being used for aesthetic, 
conservation or erosion control purposes it seems 
desirable to test a number of .host species and endophyte 
sources, . since . a host species might grow well under 
environmental .conditions .quite .different from those .within 
its natural range, and host species and endophyte .sources 
differ greatly in their ability to fix atmospheric nitrogen. 
1. INTRODUCTION TO THE GENUS CASUARINA 
The first colonial botanist, appointed in Victoria in 
1852, reported to Parliament that he had collect ed 200 
species of Casuarina (Willis, 1961). The genu s Casuarina 
is now considered to comprise about s i xty spe cies endemic 
to Australia and the South-west Pac i fic re gi on. 
1 . 
Although the taxonomic situation has bee n r at ionalised, 
the genus is still under revision. At pre s ent it is the 
sole genus of the family Casuarinaceae ; howev er the section 
Gymnostomae (as · used by Barlow, 1959 ) , which repr esents 
most of the species not native to Australi a, is to be 
extracted as a new genus, Gymnostoma (Johns on, pers. comm.*). 
Henceforth discussion of the genus Casua rina will be 
confined to what will remain as Ca s uarina, that is, section 
Cryptostomae of Barlow (ibid.). Of the f orty two Casuarina 
species native to Australia, a few, of the "dis ty la complex" 
(Macklin, 1927) are still un-named (Jo hn s on, ibid.). 
Casuarinas are shrub or tree spe ci es, individual trees 
attaining a maximum height of for ty metres inf. cunning-
hamiana. Male and female flowers are separate, and usuall J 
occur on different trees . . The winge d se eds are born e in 
cones which may vary from one centi met re i n length 
(f. cunninghamiana) to ten centimet res (f. decaisneana) . 
Foliage consists of fine cladodes, th e leaves being 
represented as whorls of triangular bracts along the 
cladodes. 
* Dr L.A.S. Johnson, National Herbarium of New South Wales, 
Sydney, N.S.W. 2000. 
2 . 
Casua,ri na is an ancient genus. Barlow ( 1959) suggests 
i t became es tab 1 i s he d i n Aus tr a. 1 i a du r i n g the f i rs t Ang i o s perm 
invasion of the continent, probably in the late Cretaceous. 
Casuarina fossils occur in Australia in rocks formed 
throughout the Tertiary period (Patterson, 1935; Patten, 1936; 
Pike, 1953; Cookson, 1954). 
Casuarinas are an unusual group of plants, and have 
attracted the interest of botanists for various reasons. 
Because of the equisetoid appearance of the foliage, 
the formation of woody cones, and the appearance of the 
female flowers, Casuarinas show superficial resemblances to 
gymnosperms. In the Englerian system of classification 
the genus was taken as the most primitive of dicotyledons 
(Cronquist, 1968). The current view is that it is the most 
reduced, and therefore very highly evolved, of woody 
apetalous families (Hutchinson, 1967). This opinion is 
supported by details of wood anatomy (Moseley, 1948). 
Casuarinas possess ·extraordinary embryological features. 
Treub (1891) listed a number of notable characteristics 
from which he concluded the Casuarinas occupy a totally 
separate place amongst the Angiosperm~, and are of i nferi o, 
rank. He surmised the sexual apparatus is homologous ~o 
the archegone in the gymnosperms and in the vasc ula r 
cryptogammes. Some of Treub's observations ha ve been 
disputed (Swamy, 1948), but the embryology of the genus 
nevertheless indicates differences from other groups of 
plants. 
3 . 
Casuarinas are also unusual from the aspect of cytology. 
Diploid chromosome number within the genus is variable, a 
fact which allows hypothesis of the history of speciation 
within the genus (Barlow, 1959). Barlow has split the genus 
into three groups on the basis of chromosome number. The 
last of these groups, the 11 distyla 11 group displays frequent 
polyploidy, and in some species diploid and tetraploid 
forms may intermingle and hybridize (Barlow, 1958a, 1958b). 
Probably the most important (both ecologically and 
economically) distinctive characteristic of the genus 
Casuarina is the ability to form symbiotic root-nodules 
which have been demonstrated to be capable of nitrogen-
fixation. Although this property is not unique amongst 
non-leguminous angiosperms, Casuarinas are the only non-
legumes native to Australia (except possibly for one species 
of Discaria) known to possess it. 
Among the first to report observations of nodules on 
the roots of Casuarina trees were Schimper in 1891*, Janse 
in 1897*, and Barber in 1903*. Janse thought the cause to 
be a fungus and suggested the possibility of a symbiotic 
r e 1 a t i o n , w h e r e a s - B a r b e r b e 1 i e v e d t h e n o d u 1 e s- to b e 
symptomatic of disease (Mowry, 1933). · 
In 1923 Mcluckie reported that the nodules of C. 
cunninghamiana are modified lateral roots whose normal 
development is modified by bacterial infection. He found 
that the nodules are perennial and are covered externally 
with several thin layers of cork. 
* Reported in Mowry (1933). 
2. IMPORTANCE OF ROOT-NODULA R NI TROG EN FIXATION 
IN NON-LEGUMINOUS ANGIOSPERMS 
2.1 Introduction 
Nitrogen is use d ma i nl y in t he production 
4 . 
of proteins, the basic comp-0-nent s of protop la sm. In plants 
protein not found as protoplasm ma ke s up the enzyme systems 
and the nucleoproteins of . chromosome s. Th e fr ame work of 
the grana in which the chlorophyll mol ecule is incor porated 
contains proteins, and adenosine tr i- phosphate, wh i ch acts 
as energy carrier in the photosynthetic cycle, also contains 
nitrogen. Thus nitrogen is required for every major process 
in the plant (Gentle, 1963). 
Nitrogen is equally ne ces sary for animal 
life, and animals must obtain their proteins, directly or 
indirectly, from plants. 
The ~upply of ni troge n to plants is critical; 
for most plants the soil is the ma j or source of combined 
nitrogen, and compare~ with the orig in al rocks, soils 
generally have been greatly enriche d in nitrog en. The bulk 
of the soil nitrogen is .organic, pre sumably accumulated 
from the elemental forms in the atmos phere by fixation 
processes, the most important of whi ch are thought to be 
of biological nature (Black, 1968). 
Because of the potent ial importance of root 
nodules of Casuarina for nitrogen -fix at ion, investigation 
of the symbiotic relationship has cons tit ut ed a major part 
of this study. 
A number of non-leguminous genera are known 
to form similar root nodules and are listed in Table 1. 
2.2 Nature of nitrogen fixation 
Root nodules of non-legumes have been the 
subject of much investigation; in particular histological 
and physiological aspects are well documented. 
Nitrogen fixation by the nodules has been 
indicated by growth studies~ .isotopic investigations 
(using N15 ), and gas chromatography (using the acetylene-
reduction method - Slager, 1969). Fixation has been shown 
to require a free supply of oxygen (Bond, 1961) and to be 
inhibited by hydrogen and car-bon monoxide (Bond, 1960). 
Small amounts of the micro-nutrients cobalt (Hewitt and 
Bond, 1966), molybdenum . (Hewitt and Bond, 1961), and 
copper (Bond and Hewitt, 1967) ar.e also required. These 
effects are similar to those shown by leguminous root 
nodules. 
5 . 
Davenport (1960) . reported evidence of 
haemoglobin in root nodules of Casuarina, Alnus a nd Myrica. 
(Previously in higher plants haemoglobin had been detected 
only in root nodules of legumes.) 
Thus it appears that the physiology of 
nodular nitrogen fixation is very similar in legumes and 
non-legumes. However, whilst the micro-organisms involved 
in legume symbiosis are bacteria, the endophytes in non-
legume root nodules appear to be actinomycetal. There still 
remains some doubt as to the actual identity of non-leguminous 
6 . 
Table 1 * List of non-leguminous dicotyledonous 
X genera which bear nitrogen-fixing root nodules 
Genus 
Casuarina 
Coriaria 
Al nus 
Myrica 
Elaeagnus 
Hippophae 
Shepherdia 
Ceanothus 
Discaria 
Dryas 
Purshia 
Cercocarpus 
No. 
of 
spp.# 
45 
15 
35 
35 
45 
1 
3 
55 
10 
4 
2 
20 
Arctostaphylos 40 
No. of 
spp. 
shown to Family 
bear 
nodules# 
14 Casuarinaceae 
12 Coriariaceae 
25 Betulaceae 
11 Myricaceae 
9 Elaeagnaceae 
1 Elaeagnaceae 
2 Elaeagnaceae 
30 Rhamnaceae 
1 Rhamnaceae 
1 Rosaceae 
2 
1 
1 
Rosaceae 
Rosaceae 
E'r i ca c ea e 
Distribution 
Austral i a , Pacific 
islands, Tropical 
Asia 
Mediterannean to 
J a p a n , N . Z e a 1 a n d, 
S. America 
Europe, Siberia, 
J a pa n , N . Ame r i ca, 
Andes 
Many tropical, 
sub-tropical and 
temperate regions 
A s i a, , E u r o p e , 
N. America 
Asia, Europe from 
Himalayas to 
Arctic Circle 
N. America 
N. America 
Andes, Brazil, 
New Zealand, 
Australia 
Arctic & mounta i ns 
of north temperate 
zone 
N. America 
N. America _ 
NW & Central 
America, - Europe, 
Asia 
* From Bond (19676) and Rodriguez-Barrueco (1969) 
x Nodules from each genus appea~ similar, but cross-
inoculation between genera is not normally possible 
# Estimate only 
endophytes due to the great difficulty of isolating the 
organisms and subsequently successfully re-inoculating 
host plants, but most authors agree that the organisms are 
actinomycetes . 
The effects of combined nitrogen in the 
rooting medium on nodulation and nitrogen fixation in 
non-legumes have been studied by several workers (Bond, 
1955 ; Macconnell and Bond, 1957; Stewart and Bond, 1961; 
Zavitkovski and Newton, 1968b; Rodriguez-Ba rrueco et al o , 
1970). The effect of pH on some genera has also been 
investigated (Bond 1951, 1957a, 1965; Bond et al ., 1956; 
Ferguson and Bond, 1953; Kitamura et al . , 1965). 
7 . 
Many literature reviews have been written on 
non-leguminous root-nodular nitrogen fixat ion, such as Allen 
and Allen (1965), Bond (1967b, 1970), Rodriguez-Barrueco 
(1969); it is not conside r ed necessary to further elaborate 
here. 
The amount of nitrogen fix ed by non-legumes 
is considerab l e and of great significance to the nitrogen 
economy of the biosphere . Not only do these species fix 
nitrogen at a relatively rapid rate (s ee Table 2) but they 
occur over large areas . 
2 . 3 Ecolog ic al importance of non-leguminous nitrogen 
fixers 
Abil ity to fix atmos ph eric nitrogen may have 
considerable significance in the ecology of a plant species 
and in ecological ch r ono$equences . Nitrogen is the major 
Table 2 . Ra t es of Nitrogen Accretion by 
Diffe r en t Or ga nisms 
Nitrogen fixed by: Rate pe r ann um Source of data ( kg/ha) 
Alnus 20 0 Virtanen (1957) 
8 . 
35 Ge sel et al~ (1971) 
Al nus rubra 320 Newton et a 1 ~ (1968) 
300 Zavitkovski & 
Newton ( 1968b) 
Alnus rubra/douglas fir 72 Anon (19 60) 
40 Tarrant & Miller (1963) 
62 Worthington et al . 
( 962) 
Alnus rugosa 168 Daly (1966) 
Alnus sinuata 62 Crocker & Major (1 955) 
155 Lawrence (1958) 
Ceanothus 60 Delwiche et al . (1965) 
Ceanothus velut i nus 100 Wollum & Younberg (1965) 
Coriaria 
Dryas drummond i i 
Hippophae r hamno i des 
Casuarina eguise ti fo li a 
Legumes -
legumes 
Lup i nus ar bo res 
0-2 0 Zavitkovski & 
Newton (1968a) 
140 
12-20 
10 
17 9 
58 
862 
112-224 
125 
160 
Stevens (1963) 
Crocker & Major 
(1955) 
Lawrence et al . 
(1967) 
Stewart & Pearson 
(1967) 
Dommergues (1963) 
Jaiyebo & Moore 
(1963) 
Bowen (1966) 
Stewart (1966) 
Gadgil (1971) 
C O n t . . ... 
Table 2. cont. 
Nitrogen fixed by: 
Carmichelia grandif l ora 
red clover 
Sweet clover 
white clover 
lucerne 
Soya beans 
Non symbiotic N-f ix ation 
Free living organisms 
Bacteria -
Anaerobic bacteria 
Azotobacte r 
Algae -
algae in dune slack 
algae crust 
blue-g r een alga e 
(Aulosira fertilissima) 
( C 
Ave r age rate on soil 
12,000 years old 
Rate per annum 
(kg/ha) 
20 . 4 
70 
115 
104 
149 
177 
94 
92 
4 
15 
36 
63 
25 
43 
45 
112-146 
73 
0. 1 
kg/ha/month 
11 
3.4 
34 
123 
54 
90 
0.4 
Source of data 
Stevens ( 1963) 
Stewart (1966) 
Stewart (1966) 
Stewart (1966) 
Stewart (1966) 
Stewart (1966) 
Parker (1957 
Olson (1958)] 
Jenny ( 19 6 2) 
Stewart (1966) 
Stewart (1966) 
Stewart (1966) 
Stewart (1966) 
Stewart (1966) 
Stewart (1966) 
Knowles (1965) 
Tehan & Beadle 
(1955) 
Stewart (1965) 
Mayland et a 1 . 
Tehan & Beadle 
Stewart (1966) 
Reported 
in 
Delwiche 
et al 
(1965) 
(1966) 
(1955) 
Jaiyebo & Moore 
(1963) 
Stewart (1966) 
Stewart (1966) 
Gessel et al " (1971) 
10 . 
plant nutrient normally absent from a freshly exposed 
mineral substrate (e.g. glacial till, river terrace, land 
slide, eroded su rface, road cutting, sand dune). In these 
circumstances nitrogen-fixing plants wo uld appear to. have 
a great advantage ove r non-fixing plants in colonizing such 
a habitat. 
In general, the non-1 egum inous .. angiosperms 
known to be nodulated thrive in situat ions unsuitable for 
high production agriculture . They are inferior . as timber 
producers, but unexcelled as pioneer perennials . 
Their importance in soil improvement and 
provid ing shade and shelter to less tolerant seedlings 
accounts for their key role in the chronosequence of plant 
ecosystems (Allen and Allen, 1965) . 
The following examples indicate the 
importance as pioneers of the non-legum inous nitrogen-
fixing angiosperms . 
Dryas species are very important components 
of earl y plant communities on deglaciated deposits and 
river terraces in Ala ska. Dryas drummondii is the first of 
the pionee r vascular species to attain a nearly complete 
ground cover on newly deglaciated calcareous till and 
outwash surfaces at Glacier Bay, Alaska . The deep blue-
green foliage colour, rapid growth rate and early fruiting 
of this species stand out in sharp contrast to most other 
woody pioneers which have yellowish foliage colour, stunted 
condition, and non-fruiting behaviour (Schoenike, 1958). 
Dryas drummondii and D. integrifolia gave 
the greatest cover within the stand in early stages of 
succession on gravel outwash of the Muldrow Glacier, 
Alaska (Viereck, . 1966). Q. octopetala has been observed 
with D. drummondii and D. integrifolia at Glacier Bay 
(Lawrence et al . 1967). 
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The role of Dryas in vegetation development 
at Glacier Bay may be summarised as: 
(1) rapid stabilisation of the soil surface against 
erosion; 
(2) increasing the amount of soil nitrogen by nitrogen 
fixation of its nodules; 
(3) aiding the survival and stimulating the growth of 
other woody plants; 
(4) initiating the development of a humus layer (Lawrence 
et al. 1967). 
Alnus is another genus of ecological 
importance in glacial regions. On the recessional moraines 
of the He~bert and Mendenhall Glaciers, Alaska, Alnus 
crispa sub species sinuata follows the earliest vegetational 
stages, developing a dense thicket . Slowly cottonwood and 
spruce grow up through the alder which finally dies out 
(Crocker and Dickson, 1957). During the vigorous alder 
thicket stage nitrogen accumulates in the forest floor and 
mineral soil at rapid rates. 
Alnus rugosa occurs in hydrosere successions (Daly, 
1966). Alnus may also occur as a secondary pioneer - red 
alder is one of the first trees to appear on burned .and 
logged areas. Never a permanent forest tree, it prepares 
(~ 
the soil for other sp eci (Kohnke, 1941). A. crispa 
colonizes eroded . slopes (Moore, 1964), mechanically 
disturbed sites, and burned over sites (Mitchell, 1968) . 
Hippophae rhamnoides occurs as a pioneer 
species on coastal sand dunes, on river gravel and sand 
banks, and on laterally deposited morainic material in 
alpine valleys (Pearson & Rodgers, 1962). 
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The rapidity of succession over _burnt areas 
of Ceanothus species where they are indigenous . and the 
apparent effect which this colonization has in .enhancing 
the development . of other shrubs and ground cover suggests 
Ceanothus has a soil improving effect and implies . nitrogen 
fixation · (Delwiche et al., 1965). Silver (1969) . reported 
the dependence of Ceanothus velutinus on fire or other 
site disturbance . for regeneratione Similar dependence on 
fire by other Ceanothus species has been noted by Zavitkovski 
& Newton (1968a). 
Myrica cordifolia is a -shrub which flourishes 
on and stabilizes coastal sand dunes in South Africa (Bond, 
1971) . In northern Florida M. cerifera is the dominant 
species of the sandy scrubland until the soil nitrogen 
levels are raised sufficiently to support slash pine 
(Silve~ 1969). M. gale inhabits bogs (Moore, 1964). 
Coriaria species are common throughout New Zealand as 
pioneer plants on newly formed surfaces such as slips and 
river terraces (Allen et al. 1966), and scree slopes and 
riparian habitats (Stevens, 1963). 
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Shepherd ia canadensis occurs with Dryas in 
early stages of success io n on gravel outwash (Viereck, 1966) 
and deglaciated surfa ces (Crocker and Majo r, 1955), and on 
poor sites and steep or er oded slopes (Moore, 1964) 0 
Arctostaphylos uva-ursi also occurs as a 
pioneer on gravel outwash (Viereck, 1966). 
Elaeagnus commutata is found on erosion 
slopes and gullies, river cliffs, landslides and road cuts 
(Moore, 1964). 
2.4 Ecological importance of Casuarina s 
Casuarinas, similarly to other non-legume 
nitrogen-fixe r s, may occur as pioneer specie s in primary or 
secondary successional sequence. 
Casua rina glauca occurs as an important 
stage in primary su ccessi on on the east coast of Austral ia. 
On saline mud flats the order of succession is: 
(a) mangroves 
( b ) salt marsh spp . 
( C) grasses 
( d) sedges and rushes 
e) C . gla uc a 
-
( f) eucalypt forest 
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In brackish water succession the sequence is: 
(a) submerged plants 
( b ) reeds 
( C) sedges and rushes 
( d) C. glauca 
-
( e ) eucalypt forest (Pidgeon, 1940). 
~- cunninghamiana, a species of great value 
in eastern Australia as a stabilizer of river banks, occurs 
in a fresh-water hydrosere somewhat s imilar to that 
described above for C. glauca in brackish water, the 
succession being: 
(a) submerged and floating plants 
( b ) amphibious reeds 
( C) rushes and he rb s 
( d) C. cunninghamiana 
-
( e) eucalypt forest (Pidgeon, 1940). 
C. cunninghamiana also initiates colon ization of gravel 
deposits in the beds of rivers. 
~- rigida* and~ - littoralis occur in primary 
succession in xeric lithose r es, where they often form dense, 
almost pure thickets on exposed, partially weathered rock 
outcrops {Pidgeon~ 1938). These spec ies also occur frequently 
in secondary succession on distu rbed areas such as road 
embankments. 
~ - pusi ll a occup ies an early place in pyric 
succession in heath. Specht, Rayson and Jackman (1958) found 
regeneration of~- pusilla from rootstocks was rapid; with i n 
* probably referring to C. distyla 
15. 
three years the bushes covered almost as much area as 
before the fire, and in the period from two to fi teen 
years after the fire C. pusilla covered a greater area 
than any other species . Degeneration occurred early, with 
cover by this . species decreasing from about year seven and 
dry weight per unit area decreasing from about year fifteen . 
f. equisetifolia is important in beach 
succession in Queensland. The first dune is sparsely 
covered with a mixture of plant species . The rear edge of 
this dune is actively invaded by f. equisetifolia which 
ultimately forms a complete canopy and a dense mat of fallen 
needles in which other species begin to form a new ground 
layer (Coaldrake, 1961). 
On the Gulf Coast of Florida, Casuarina 
may be found rooted in dry calcareous shell remains of 
marine life dredged out for causeway fill (Silver, 1969) . 
2 . 5 Use by man of non-leguminous nitrogen-fixers 
The capacity to colonize sites on very 
nutrient-deficient soils, and the ability to improve such 
soils, has led to the widespread use of non-leguminous 
nitrogen fixers to establish vegetation on a variety of 
unfavourable sites. 
Alde r has been employed widely i n rehabili t a ting 
mine spoils in Great Britain, the Netherlands, Germany, and, 
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to a lesser extent, the United States. Alder is us ed 
routinely to stabilize recent flood depos it s and landslide 
areas in Rumania, Czechoslovakia, and Germany . Other areas 
of the northern hemisphere in which alder has been used 
successfully to improve soil fertility are the USSR , Italy, 
Denmark, Japan and Taiwan (Tarrant, 1968). In New Zealand 
Alnus viridis has been used successfully in revegetation 
trials on eroded mountain slopes (Benecke, 1969). 
In parts of India, Casuarina is used as a 
soil enricher for soil s considered unfit fo r the growth 
of other trees, and after some time the enriched soils are 
reclaimed for growing valuable fruit trees (Rao, 1923). 
Casuarina has been introduced successfully in all . parts of 
the province of Madras to prevent creeping sand from invading 
cultivated land. Casuarinas are the first plants established 
in desert plac es, rendering the soil capab le of supporting 
other plants, and thus are highly r ega rded for the 
regeneration of unproductive regions (Chaud huri, 1931)4 
Several species of Casuarina, especially C. _equisetifolia, 
have been introduced into southern parts of the United 
States for ornamental purposes and for coastal dune 
reclamation (Mowry, 1948). C. cunningham iana is an ideal 
tree to prevent the eros ion of the banks of streams, and 
unlike the introduced willow, causes little siltation of 
water courses (G resser, 1966). 
Nitrogen-f ix ers may be valuable not only in 
initiating a process of increasing produ ctivity of a site, 
but also in mainta ining productivity. Ovington (1956a) 
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reported that although . the . trees in a stand of Al nus incana 
contained a relatively large amount of nitrogen there was 
no evidence of deplet ion _of nitrogen from the soil . 
Significantly, the ground . flora of this stand had a very 
large percentage content of nitrogen (Ovington, 1955) . 
In contrast, Hamilto n (1965) rec orded 
losses of 37-60% in organic carbon and 43-65% in total 
nitrogen from surface soils due to cultivation of Pinus 
radiata. Such substantial decreases in soil fertility 
(which occurred .within . the first rotation) would clearly 
have a detrimental effect on the growth of the present and 
subsequent rotations . 
Lawrence (1958) observed that alder, and to 
a lesser exte nt Dryas, was .able to stimulate vigorous 
erect growth in adjacent shrubs and trees which were 
previously "grovel ling as semiprostrate individuals 11 • 
Three year old cottonwood . saplings grown within an alder 
thicket weighed about twenty-two times those of equal age 
in non-alder areas . The value of alders in improving 
growth of timber tree species with which they are associated 
has al so been noted by Tarrant (1968) .-
This . valuable property has long been known 
in northern Europe, Japan and Korea where alders have been 
used to add nitrogen to the soil in amounts suitable for 
the periods of long term forest r otations (Lawrence, 1958) . 
Since ancient times alde r has been recognised 
as a soil-improving tree i n Aomori district (northern Japan), 
where cut-over alder sites are us ually us ed a s fa mland 
(Yamaya, 1968). 
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I the 19 20 1 s German foresters advocated the 
initial planting of alder a s a nur se crop on infertile 
land intended for eventual plant i ng with conifers, and 
provided evidence of the benef i c i a l eff ect of this 
procedure on the later gro wt h of s pr uc e (Bond, 1958) . 
Heus ohn ( r epo r ted by Koh nke, 1941) found 
that pine trees, when µlanted alone on s~m e poor sandy 
soils, made slow .progress and never yi e l ded more than mine 
props, while when interp l anted wi th al ders, pines developed 
quickly and became sound timbe r trees . 
Quantitative data on the effect of alder on 
growth of douglas . f i r provide co nvi ncing evidence of the 
great value of interplanting ni t r ogen- fixers within conifer 
plantations . 
Compa r ison of a pure pl a ntation of douglas 
f ir with a mixed stand of douglas fir and alder showed more 
than twice the tota l cubic vo lu me of wood was produced in 
the mixed stand, with . no adverse eff ect on the average 
size of the trees. Dominant f ir s i n the mixed stand 
showed significantl y gr eate r avera ge di ameter growth and 
appeared to be growing i n he ig ht fa ster than those in the 
pure stands . The beneficial eff ect of admixture with alder 
on growth of douglas fir appe ar ed to commence after about 
20 ye ars (T arrant, 1961 ). 
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Desp i te gr. eat1y increased timber production, 
the ni trogen content of soil to a depth of thirty centimeters 
under the mixed plantatio n .. was half again greate r than that 
under pure douglas fir, and organic matter also was 
significantly greater (Anon, 196 0). 
Evidence of the ab ility of nitrogen fixers 
to improve the growth -of associated shrubs and trees is not 
confined to alder. In western Amer ica the enhancing effect 
of Ceanothus species on the . deve lopment of shrubs and 
cover is well documented (Silver, 1969). Associat ion with 
Dryas resulted in an increase of 57% in curren t annua l height 
increment, although this . effect was much less pronounced 
than that produced by alder (Schoenike, 1958) . 
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3. AUTECOLOGY - INTERACTION BETWEEN A SPECIES AND ITS 
ENVIRONMENT 
3 . 1 Introduction 
20. 
The distribution of a plant species is 
largely determined by environmental conditions. Ecological 
or environmental factors ar-e many and diverse, and often 
intricately interdependent ~ Eithe r singly or in combination 
the various ecological factors may affect the presence or 
absence and relative succes s of various plan t species and 
communities . Any habitat factor , whether climatic, 
physiographic, edaphic or biot ic, may limit the area 
occupied by a pla nt and usually many of these factors come 
into play (Polunin, 1960). 
Even under controlled experimental conditions 
many of the effect s of specific individual factors are 
unknown. The interactions of factors unde r natural 
conditions are even less .wel l understood, so there appears 
no alternative but to segrega te major or general 
environmenta l factors and to .consider their independ nt 
effects, at t e same time ~recognising that plant responses 
are a part of the en tire complex interrelated system (Oosting, 
1956) . 
The situation is further compounded since 
the area potent ially inhabitable by a particular plant 
spec ie s, in terms of suitable habitat conditions, and the 
area actually occupied, are rarely if ever identical or even 
simila r (Po lun in, 19 .0) , largely because of competition . 
I· 
The factors which may aff ect the distribution 
of a plant species are listed in Table 3. These fa tors 
will be discussed briefl y , pa rt ic ularly those of relevance 
to the ecology of Casuar i na species. 
3.2 Physiographic factors 
Although topography affec ts vegetation 
indirectly by modifying other factors of the environment, 
it has nevertheless a significant influence on plant 
communit i es . Irregularities in topography produce 
light, temperature and moisture condit i ons which differ 
greatly between north and _south slopes or ridges and 
depressions. Pook and Moore (1966) and Jacobs (1955) have 
graphically portrayed the influence of slope and aspect 
on insolation. Gre ater -insolation may explain why Casua rina 
stricta in the Australian Capital Territory appea rs to occur 
mainly on sites of northerly and westerly aspe cts. 
Topograp hy affects the flow of streams - as 
gradients decrease, stream rates of flow decrease, with 
the result that finer sediments are deposited . This may be 
a factor . influencing the .western limit - of Casuar ina 
cunninghamiana, which in New South Wales occurs throughout 
the western slopes but hardly emerges onto the western plains . 
The nature of the parent mater ial is an 
independent variable affecting soils, and consequently 
vegetation . The different nutrient contents of different 
types of rock may influence ~he di st ribution of some plant 
species. In the A. C.T. , f. str icta is confined mainly to 
sites on acid rocks of igneous origin. 
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Table 3 Environmental factors affecting plant 
distribution 
1 . Physiographic factors 
2. Climatic factors 
3. Edaphic factors 
4. Biological factors 
5 • Time 
topography 
geology 
light 
temperature 
water content of the 
atmosphere 
wind 
texture 
structure 
organic content 
acidity and alkalinity 
salinity 
exchangeable bases 
other nutrients 
competition 
parasites 
ep iphytes 
symbionts 
other soi 1 flora 
animals 
man 
dispersion and migrat ion 
succession 
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3.3 Climatic fact or 
Clima t e tends t o be t he most important overall 
factor deter mining pla t di s tribution (Polunin, 1960). 
The bi olog ical ly im po rt a nt features of light 
are intensi ty and quality . Li ght intens ity under a forest 
canopy i s probably more impo r tan t ecologically than changes 
in the quality of light passing throu gh the overstory species u 
Few Ca suarin a species occur in th e understory of mature stands, 
possibly due to low shade toleran ce . Ph otoperiod may also be 
ecologica lly imp ortant (O ost ing , 1956) . 
Each living thing occu r s within tempe r atu re 
ranges which may be quite dissimilar for di ferent species. 
Plant injuries from temperature changes frequently result 
from freezing, but plants of some spe cies, espec i ally sub -
tropical ones, are often . killed be f ore temperatures r ea ch 
freezing point . The temperatu r es affec ting germination might 
be crit i cal in relation to the range of a species . 
The rate of photosynthes i s in cr eas es steadily as 
temperatures rise until a max im um is r eached, above which 
the rate declines abruptly as tempe ratures increase . The rate 
of respiration also . increases wi th gr ea te r tempe rature 
unt i l at high temperatures th e pr ocess becomes destructive of 
l i fe (Oosting, 1956). 
Whilst so me Cas uari na s pecies are capable o 
withstanding high tempera tu res, f ew oc cur in areas of high 
frost incidence, and none i n a lpi ne environments . In 
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Australian a l pi ne areas the niche which might otherwise suit 
a Casuarina species is occupied by Pod ocarpus lawrencei 
(Bergensen and Costin, 1964). 
The water co ntent of th e air affects the rate 
of transpiration from plants and evapo r a tion from the soil. 
Evaporation will be .more rapid at a high er temperature given 
conditions of equal . relative humid i ty . Probably water loss 
by evaporation from _the .s oi l is much less than is commonly 
supposed, since numer ous s tudies i ndicate little capillary 
rise to replace water l ost by evaporat io n unless the wate r 
table is within .a .few fee t of the su rf ace. Where wate loss 
by evaporation mi ght be c r itical, the wa t er table is general ly 
so deep that precipitat ion ra r ely wets t he soil down to it 
and, consequently, t he upwa r d r i se is neg ligible. The 
majority of spec ie of Cas uar in a oc cu r in locations subjected 
to drought and the ir a ility to .mi ni mi se transpiration may 
be vita l in maintaining so i l moistu r e a t adequate levels . 
Direct effects of wi nd on plants are negligible 
under average condit i ons . Howev er, wind plays a more direct 
role in transporting .po llen and i n dissemination of seed 
(Oost i ng, 1956) . Casua rina polle n i s wind borne, and the 
wi nged seeds a r e to so me ext ent tr a nsported by wind. 
3 . 4 Edaphic factors 
Al thoug h soil factors affect plants, the 
in verse i s also true, i . e. plants aff ect soil factors. Both 
soil and vegeta tio . change with tim e and both are determ in ed 
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by climate, parent material, relief and organisms, vegetation 
and soil being dependent -variables (Major, 1951). Soil 
factors affecting .plants . are listed in Table 3; however, in 
part they are a function of the vegetation growing on them e 
Soil texture and structure primarily affect 
plants through .their influence on air and water in the soil . 
The coarser the texture and · structure of the soil, the greater 
the variety in soil pore size. Larger soil pores provide 
better aeration and water regime than do smaller pores. 
Roots and . soil organisms need oxygen for 
respiration; generally the proportion of oxygen decreases and 
carbon dioxide increases with depth ~ Serious shortage of 
oxygen may occur in .soil, particularly with waterlogging 
(which is significant at most sites carrying Casuarina glauca) ~ 
Sandy soils - in deserts may have more favourable 
moisture conditions than neighbouring clay soi ls. When 
both are at or near the wilting percentag e, a light rain 
provides little or no ava il able water in the clay but does 
provide some in sand, in addition to penet rating more deeply, 
because .of the 1 ower wi 1 ting percentage of sand. This may 
be important in the ecol ogy of Casuarina cristata, which 
occurs .on heavy soils i n tbose parts of its distribution 
receiving moderate r ainfall, but is found on lighter textured 
soils in drier regions . 
Organic matter improves physical characterist ic s, 
water holding capacity and . nutrient status of the soils. Thus 
the ability to fix atmospheric nitrogen, by permitt ing 
Casuarinas to grow on soils which are very deficient in 
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nitrogen (and organic matter), results in site improvement 
not only through nitrogen -. accretion , but also through the 
ramifications of organic product i on. 
Soi 1 pH ~may .have direct effects on pl ants, 
but i -ndirect effects are more important. The availability 
of many nutrients varies considerably with different pH 
values (see section 6.1 for a more deta iled discussion) . 
Salinity, . oc _tbe _concentration of salts to 
high levels, may render soils . unsuitab le for many plant 
species because .of salt - toxicity or throug h the inability 
of the plants . to,absotb ~wate~ -against the high osmotic 
pressure. Casuarina g1auca . is more tolerant of high salt 
concentrations than is-~· .cunnioghamiana, a fact which may 
be responsible for tbe r.elative distribut ions of these two 
species. In tidal rivers~ near . the point where the fresh 
and salt waters meet~ the two · spec ies ma y grow within a 
few chains of each other without mingl ing (Cambage, 1911). 
Exchangeable .bases are nutrient cations 
a d s o r bed o n . th e s u r fa c e s _ o f s o i 1 . c o 11 o i d s . The a mo u n t a n d 
availability of exchangeable .bases depends on the amount 
and type of colloid . present in the soil. Organic colloids 
have relatively high cation exchange propert ies. 
Other nutrients, particu l arly . nitrogen and 
phosphorus, .are .necessary . for plant gr owt h and may determine 
what species may gr.ow .a t a particu lar site. Beadle (1962 ) 
has reported , that .some rainforest communities are delim i ted 
by the phosphate content of the ~oil, which is determined 
I 
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largely by the parent material on which the soil developed . 
Groves (1964) showed that Casuarina distyla (probably 1n 
fact referring to f. pusilla) was remarkably tolerant of 
very poor phosphorus supply - there were no obvious symptoms 
of phosphorus deficiency at concentrations of phosphorus as 
small as 0.001 ppm. This is an important attribute for a 
heath species~ since heath vegetation is always found on 
soils very imporverished · in plant nutrients, particularly 
phosphorus and nitrogen (Specht, 1966). Jeffrey (1968) 
showed that C. p~silla is capable of storing phosphorus 
as polyphosphate. 
Establishment of plants on uncolonized sites 
is important in the phosphorus economy ·of a site since 
uptake by plants is the only way by -which phosphate can move 
upwards in the soil, the process be1ng very i'mportant in 
conserving ·phosphate against 1-oss by leaching (Wild, 1958) . 
The effect of soil nitrogen in governing 
plant succession, and the nitrogen-accreting role of 
Casuarinas, has been discussed earlier in this thesis 
(sections 2.3, 2.4). 
3.5 Biological factors 
Within a community competition occurs between 
individuals of the same species, or between species, whenever 
some requirement of the organisms is available in amounts 
insufficient to supply all demands adequately. Each organism 
involved in competition is a factor in the environment of all 
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other organisms so involved~ Competition is pro-bably of 
very great importance in determining the distribution of 
species. Although many species may be capable of growing 
at a site, only those species which have the competitive 
advantage will survive. Other species will not survive at 
that site, not because the site is unsuitable for them, but 
because under the environmental conditions existing other 
species can suppress them or prevent their establishment. 
Parasites and epiphytes are organisms which 
act to the detriment of their hosts. In severe cases they 
can eliminate a species from an area where it once thrived. 
Casuarinas are susceptible to mistletoe, and heavy 
infestations may occur. If some environmental factor should 
change, the mistletoe may contribute to the death of its 
host. This may be particularly important for desert oak 
(Casuarina decaisneana) in arid regions . 
Symbionts react beneficially with their host. 
The root nodule endophytes of Casuarina are a good example -
Casuarina plants can grow satisfactorily in medium free of 
combined nitrogen if inoculated with suitable endophyte 
organisms. The ecological significance of this is 
exemplified in sections 2.3 and 2 . 4. 
Other soil flora, such as nitrifiers and 
free-living nitrogen-fixing organisms, may contribute to 
the nutrient availability of a site, and hence influence 
the ecology of the site. 
~· 
Animals may also affect the ecology of an 
area. Grazing animals, by selective feeding, can bring 
about dramatic and long-lasting changes in the species 
composition of the vegetation. Casuarina foliage, and 
particularly the foliage of seedlings, is palatable to 
domestic stock, and uncontrolled grazing can prevent 
seedling establishment. 
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Man has the power to produce great changes in 
the vegetation of an area. By clearing and over-grazing, 
the vegetation may be destroyed, resulting in erosion of 
the fertile top soil. Rehabilitation of the area will depend 
on restoration of the soil fertility, by heavy fertilizing 
or by use of suitable plant species (e.g. nitrogen-fixers). 
The widespread use of fertilizers and toxic 
chemicals also has long lasting effects on vegetation. For 
instance, alteration of the soil phosphate level changes the 
composition of the vegetation. There is some evidence that 
Casuarinas are highly susceptible to weedicides . In glasshouse 
experiments reported later, great care had to be devoted to 
ensure no traces of weedicides remained 1n the glasshouse 
or on the pots. Weedicides repeatedly sprayed over extensive 
areas planted to wheat may result in the elimination of 
Casuarinas from such areas. 
3.6 Time 
A plant community 1s 1n a dynamic state. As 
new species evolve and disperse, and existing species adapt 
and migrate, the population will undergo change, slow though 
it might be. 
Mo r e r ap id changes in the distribution of 
particular spec i es or communities occur in seral successiono 
Again this is exempl i f i ed in s ections 2a3 and 2c4. 
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4. DISTRIBUTION AND AUTECOLOGY OF CASUARINA SPECIES 
4.1 Introduction 
Inspection of _the distribution maps of the 
forty-two Australian .. species _of Casuarina (Figures 1.1 to 
1.42) reveals that - the _different species have distinctive 
distributions, and . some species occurs in almost every part 
of the continent • . Nineteen ~species are endemic to Western 
Australia, nineteen .species occur only in the other states, 
and four species occur both in Western Australia and other 
states. 
C. cristata has the widest distribution 
within Australia occurring - in all _mainland states except the 
Northern Territory. C~ cunninghamiana and~- eguisetifolia 
occur outside Australia as well as within Australia. 
Two species have unusual distributions 
C. monilifera occurs in .Tasmania, and also in one location 
on the . mainland - in tbe : Giampians Range, Victoria. The 
distribution of C. obesa ~is .even more extraordinary - it 
occurs almost entirelJ within · Western Australia, but is al so 
found at two localities ~one _thousand mil -es (1,600 km ) 
further east, at Euston, N.S.W. and at Nhill, Victor ia. 
4.2 Climate 
Different climatic factors are; within a 
limited region, often closely correlated with one another 
(Grieg-Smith, 1964). The modifying effect of proximity to 
the sea on several climatic factors, a,u consequently a 
general correlation between them, can be seen in Figures 
2.1 to 2 .6. Rainfal l, evaporation and temperature all 
show marked influencP of distance from the sea. 
32 
Annual rainfall exceeds potential evaporation 
in only a very narrow and discontinuous strip down the east 
coast of Australia and a very small .area of south-western 
Western Austra lia. Over an ar.ea of seventy percent of the 
continent the rainfall does not exceed evaporation during 
any month of the year. In the arid centre of the continent 
annual rainfall averages less_than 13 cm whilst potential 
evaporation exceeds 330 cm per .annum. The number of days 
of rain may ave rage as little as _lO per annum. Thus it 
might be an ticipated _that_water availability would 
influence the distribut ion of some species. 
Mean summer (January) maximum temperatures 
range from below 27°c to 40°c, whilst mean winter (July) 
minimum temperatures range from about -1°c to about 18°C~ 
Thus maximum .temperatures may .be_high enough, and minimum 
temperat ures would certainly be low enough to have limiting 
effects on the dis ributions ~ some species 
Most of the c0 1nent exp , 0 nces a summer-
max imum rainfall, but the southern part has a winter-maximum 
rainfall . 
rnmp ~·rnn of '-h climatographic maps with 
the maps showing the distr.1but1ons of the different Casuarina 
spec i es suggests the distribution of some species is 
governed by climatic factors 
33. 
For example f. torulosa occurs only where 
annual rainfall exceeds 76 cm, .f. campestris occurs where 
annual rainfall is less than 76 _cm .and greater than 20 cm. 
f . fraserana occurs almost _entirely . in the area of south-west 
Western Australia receiving . greater. than 76 cm of rainfall. 
The inland extension of f. -bumilis . may be restricted by low 
water availability; it occurs .where annual rainfall exceeds 
20 cm and where potential evaporation is less than 250 cm. 
Temperature also may be a limiting factor. 
The northern limit of C. corniculata is very close to the 
35°c isotherm for mean January , daily maxima. C. 
eguisetifolia may be 1imited , by cooler temperatures at its 
southern extreme, but tbis . point _also coincides with the 
southern limit of summer maximum . rainfall. f. inophloia 
appears to be confined to an area wbere the normal daily 
minimum temperature for July . is less than 4.4°c (and where 
the frost-free period is 200-250 days per annum) . 
4 .3 Other factors governing distribut i on 
It is rarely possible to ded uc e the li miting 
climatic factor simply by comparing _dist ri buti on patterns 
with climatog rapbic maps because _of the -follo wing. 
1. Differen t climatic f ac tors . may be c l ose ly carrel · ed. 
2 . Topograph y modifies climate on a loca l scale. 
3. A species may still be _exteoding its distrib ution, in 
which case its geographical limits might not be due 
primarily to the environment. 
4. Distribution may be limited . by.the availability of 
suitable edaphic or physiograpbic conditions. 
5. Competition with other species may also modify 
distribution . 
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For example the inlacd extension of C. glauca 
and C. eguisetifol ia may be _restricted by the lack of 
acceptable edaphic conditions. 
The Western Australian species C. fibrosa 
and C. ramosissima have very limited distributions, and may 
have only recently evolved and still be extending. 
The extent -of distribution of a particular 
species is .also determined _by the . competitive ability of 
that species against other- _tree . or . sbrub species. Whilst 
a species has the ecological _advaotage over its competitors 
it can regenerate _and . gcow _satisfactorily, but when 
environmental conditions _f avour the .competitors, plants of 
the species will die out . Consequently the difficulty in 
isolating .factors governing .. di stributio n of a species is 
compounded by the effects of the environment on competing 
species. 
There are many plant species which do ot 
grow in conditions which fav oar _tbem .from the aspect of 
physioJogy _because competition with .other species force s 
them to grow outside their optimum (Ellenberg, 1954). 
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4.4 Background information on the six species used in 
this study 
4. 4. 1 C. cristata (Selah, Black Oak ) 
This species is a t _its be s t on the deeper 
friable soils in the warm , i nl a nd summer rainfall areas 
(Boomsma, 1969 ). Towar ds the . east it occurs mainly on 
heavy, more or less a l kal i ne _soils _in areas such as moist 
flats and depressions (Anderson , 1968). 
Where water is a vai l able f. cristata grows to 
a fine tree up to 20 min he ight, . but in harsh low rainfall 
conditions it is usually .a poo r . specimen 7-10 m high (Holliday 
and Hill, 1969). Its deeply . pe net rating roots usually 
maintain a connection with unde r gr ound water (Ewart, 1925). 
4. 4. 2 C. cunninghamiana (R i ve r Oak) 
C. cunningbamiana _attains the gre ates t 
individual size of the genus - in Aus tra l i.a with a top height 
of about 35 m and diameter up to 1. 3 m. 
I t gr ows mainly on river and stre am banks, 
especially . in the belt _between _normal water level a nd 
maximum flood level, and _occasiona lly on - flats adjac ent to 
rivers. In the typical _r iv era jn ~location the roots ho.ve 
access . to flowing water or seepage from streams and ri ver s. 
In otber locations it _usually . ba s ., acces.s to gr ound moisture 
a d d i t i o n a 1 to t h a t d e r i v e d f r o m n o r ma 1 r a i n fa 1 1 ( H a 1 1 e t a 1 . 
197 0) . 
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The large spreading . roots play an important 
part in preventing excessive erosion of watercourses (Anderson, 
1968). 
4.4.3 C. glauca (Swamp Oak) 
C. glauca is an -erect . tree up to 20 min 
height and rather sparse in . babit _(Anderson, 1968). It is 
unusual amongst Casuarinas . in _having a small tap root and 
large horizontal roots (Mooles, 1891). 
It occurs . in -coastal - swamps and along certain 
fresh water creeks which are sluggish and contain brackish 
water. Its presence in _the .. uplands suggests saline 
conditions (Cambage, 1911). 
4.4.4 C. littoralis (Black Sheoke, Erect Sheoke) 
C. littoralis . is a small, erect, sometimes 
conical . tree which may reach a height of 15 m (Holliday and 
Hill, 1969). 
It occurs fairly commonly on poor soils, at 
both low and upland elevations _(Anderson, 1968; Ewart, 1925). 
In the ~awkesbury sandstone _area~ .f. littoral is often forms 
a dense _and almost pure thicket on parti ·ally weathered rock 
outcrops (Pidgeon, 1938). 
4.4.5 
Hill Oak) 
C. stricta (Drooping Sheoke, Coast Sheoke, 
Usually on 5 to 8 m higb~ it sometimes reaches 13 m 
(Holliday and Hill, 1969). 
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Inland it occurs on _dry ridges and rocky soils 
(Anderson, 1968), but 1s often -seen along the coast in 
calcareous sands which are subject - to severe buffeting by salt-
laden winds (Holliday and .Hill~ . 1969). At Wilsons Promontory, 
Victoria, it is common on calcareous ~sands and shallow granitic 
soils, but only very occasionally on leached sands (Pearson, 
1966). 
4.4.6 C. torulosa (Forest Oak, Rose Oak) 
C. torulosa may . attain 25 min height and 1 m 
diameter (Hall et al, 1970). 
It occurs mainly on undulating to hilly 
topography and grows over a wide range of soils, usually on 
moist fertile sites (Hall et .al, . 1970; . Holliday and Hill, 
1969). It is absent fro m the extremely . acid rocks upon 
which C. littoralis _often flourishes (Cambage, 1911). Forest 
oak is found as a secondary . species _associated with moister 
and better forestry class . eucalypt . species. It often forms 
a dense uoderstorey in tbese .forest _ty pes and also occurs 
as scattered trees in open locations (Hall et al. ibid.) . 
5. FIELD STUDY OF THREE CASUARINA SPECIES 
5.1 Introduction 
Three species .were .studied in the field: 
C. cristat a 
C. cunninghamlana 
C. glauca 
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As may be seen . from their distribution maps 
(Figures 1.5, 1.6 and 1.15 respectively), a major part of 
the range of each of the tbr.ee _species is within New South 
Wales. Consequently reasonable _coverage of these species 
could be obtained from .sampliog _witbin that state. In fact, 
1 0 0 s i t e s s c a t t e r e d t b r o u g b o u t _ t h e .. N . S .. W . p a r t o f i t s 
range were studied for each .. species; . the distribution of the 
sites is shown in Figures 3.1 to 3.4. 
Each study . site . was - selected subjectively, an 
attempt being made to limit _tbem . to _well~developed natural 
stands with minimal disturbance. _ It was impossible to 
pre-select . the sites objectively .since the location of 
suitable stands was unknown. 
At each site a _soil _inspection hole wa s dug 
in a position judged to _be representative of the site ·s a 
whole.. Ten surface _soi 1 .samples _were .collected within s even 
metres .of . the soil . inspection . bole _(see -section 5.2.2 for 
details of sample callee ion). 
The number and . separation of sites precluded 
the possibility of completing the sampling within a short 
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space of time. Consequent ly while some areas were examined 
in mid-autumn, others were examined in spring and summer. It 
1s known that soil properties change seasonally, but the 
extent of the changes is slight compared . with differences 
between sites, and even compared with differences within 
sites~ Frankland et al . (1963) found . that spatial variability 
within a site was great enougb to obscure monthly differences 
despite the unusually intensive sampling used. 
Baker and Clapham (1939) reported 
statistically significant montbly variations in pH in three 
soil types . However, va riati on from month to month was very 
small compared with .variation from year to year, and this 
in turn was small compared with varjat ion between sites . 
The monthly variat i ons were in part related to large monthly 
variations in rainfall~ but tbere was also some evidence of 
h 
an annual r thm in acidity. 
No extraord inary weathe r conditions (e.g . 
prolonged rain) preceded any of the sampling in this study. 
5.2 Field sampling procedures 
5 . 2 .1 Record sheet 
All information collected at a particular 
sampling site was written directly onto a duplicated record 
sheet . The data recorded on this sheet are listed in Table 4. 
A s p e c t o f t be ,s i t e w a s m ea s u re d w i t h a 
prismatic compass, and slope with an abney level. 
Table 4 
Species 
Site number 
Date 
Data recorded on field record sheet 
Location (including latitude and longitude) 
Habitat 
Land use 
Relief 
Aspect 
Slope 
Ecology 
Habit 
Crown diameter 
Diameter at breast height over bark 
Height 
Pests and diseases 
Root-suckers 
Cond -i ti on 
Presence of root nodules 
Soil 
Depth ) 
) 
Colour ) 
4 0. , 
) for each horizon to 1 metre depth 
Texture ) 
) 
Stoniness ) 
Hydrology 
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Crown diameter, bo le diameter and height of 
the trees were usual ly estimated by eye, with instrument 
measurements being made from time to time to check accuracy. 
Since the stands were normally het erogeneous with respect to 
size, upper size limits wer e recorded. 
Root nodules were recorded when observed . 
Soil colour was evaluated using a Munsell 
Soil Colour Chart . Soil texture was estimated by reference 
to the criteria shown in Table 5. 
Soil inspection was normally by means of a 
3 inch auger boring, but exposed soi1 profiles, e .g. exposed 
by erosion, were occas i onally used. 
5. 2 . 2 Collection of soil samples 
Eleven soi l samples were collected at each 
site for subsequent analysis. Ten samples were collected 
randomly from the top 10 cm of the mineral soil; however, 
no samples were taken with in two feet (60 cm) of the bole 
of a tree, to minimise stem-flow effects. One sample was 
collected from the top 10 cm of the subsoil, if a recognizable 
horizon boundary was encountered~ or from the lowest 10 cm 
of the inspection hole where only one recognizable horizon 
occurred . 
The samples were placed immediately in plastic 
bags wbich we r e sealed with rubber bands . Samples were 
stored in this way until return t0 tbe laboratory, when they 
were unwrapped and air dried under forced draught. Once 
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Table 5 Guide for- assessment of soil texture 
Be haviour of soil paste 
Feel & sound Betwe en fingers 
Feels gritty Finge rs no t 
so i le d af te r 
? Rasping sound dry i ng 
Grittiness 
slight or 
absent. 
Rasping sound 
Silky f ee l 
Ve r y smoot h 
and St i C ky 
• i 
'j 
Fi nge r s soi l ed 
Ri bbon coarsely 
crevassed 
Ri bbon tra versed 
by f i ne crack s 
Ribbon is 
!poli s hed 
t 
Cohesion & 
plasticity 
Nil 
Will not form 
cohesive ball 
W i 11 form a 
cohesive ball, 
soft and 
pliable 
Ball ; s firmer 
but fairly 
easily deformed. 
Worm will not 
form circle 
Moderate resist-
ance to moulding 
Worm forms 
circle without 
fracture 
Marked resist-
ance to .moulding 
Very plastic 
Texture 
Sand 
Loamy 
sand 
Sandy I 
loam 
Si 1 t I 
• loam l I 
i 
r Clay ' f 
loam ~ I 
. 
) 
~ 
I 
Clay ' ! 
I 
l 
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dried, the soil samples were sie ed through a 2.0 mm sieve 
and stored i n paper bags for analysis later. 
5 . 2 . 3 Collection of foliage samples 
Three tree foliage samples were collected at 
each site . A previous study of variation of nutrients 
within the crowns of trees and between trees (see Appendix 4) 
had shown that variation between trees was much greater 
than variation with i n tbe crowns. Consequently only one 
foliage sample, approximately 5 g dry weight, was taken 
from the lower part of the crown of each of three trees 
at each site . The three trees at each site were all about 
the same size, but otherwise selection was random. 
The samples were dried in a plant press, and 
stored air dry until being finely ground in a laboratory 
hamme r mill to pass through a 1 mm sieve. 
The three foliage samples from each of 
fifteen s i tes off. glauca were analysed initially. These 
sites occurred on so il s ranging in pH from 3. 8 to 8.5 . 
Howeve r , there was no evidence of relationships between 
soil pH and foliar concentrations of any of the nutrient 
elements analysed, or between soil and foliar nutrient 
concentrations. Since it consequently appeared that study 
of foliar nutrient concentrations would be of restricted 
value~ further analysis of tree foliage samples was not done . 
Later work (section 6. 6) illustrated the great complexity 
of interactions between nut rients and culture solution chemical 
factors in influencing seedling nutrient concentrations. 
5.3 Habitats 
The three species occupied distinctly 
different types of habitat . 
44. 
Casuarina glauca almost always occurs on 
flat land (98 of sites were on flat land, 2 on slopes of 
7-8°) in swampy conditions. The water table was almost 
always within one metre of the surface, and at 30 sites was 
within 30 cm of the surface . Since 53% of the sites were 
adjacent to tidal lakes or tidal creeks, the water table 
was probably subject to t idal fluctuations at many sites. 
Of the 47 sites not adjacent to tidal water, 10 were 
adjacent to inland streams (which were, without exception, 
very slow moving), and 37 were on low-lying flat land not 
directly linked to salt or brackish water. Cambage (1911) 
has suggested that the presence of~- glauca in upland 
situat i ons suggests saline conditions. 
The great majority of sites of~- glauca 
were wi th in a short distance of the sea. However, the 
species may occur further inland (e.g. site 38 near Wallacia, 
20 miles (32 km) inland, and site 53 -near Singleton, 40 
miles (64 km) from the s ea ). 
In summary,~- glauca usually occurs on flat 
swampy sites in close proximity to salty or brackish water. 
All sites of~- cunninghamiana were associated 
with fresh water streams, the trees occurring in the beds of 
the streams, on the banks, or on old terraces. Trees growing 
on terraces were always larger and apparently older than 
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trees growing closer to the present stream bed. Young 
saplings were often found colonizing boulder beds in the 
floors of rivers. Whilst trees of this species were usually 
growing on flat ground, they also occurred on steeply 
sloping banks. There was no indication of their distribution 
being restricted to any particular aspect. 
C. ctistata occurred on flat land except for 
two sites, where the slopes recorded were 3° and 4°. At 
some sites, ma inly in the more easterly areas, f. cristata 
was confined to drainage lines and depressions, suggesting 
dependence upon higher moisture status than occurred in 
the surround in g areas. However, at other sites, particularly 
in the drier weste rn par.ts of the state, plants of the 
species occurred on the tops of low ridges. Possibly the 
location on low ridges at these sites is due to deeper soil 
on the ridges than occurs between them, which enables the 
roots to penetrate to a greater depth and so to obtain 
water from a greate r volume of soil. Most of the sites 
occu rred on plains . 
5.4 Tree s iz e 
Differences between the species were r ecorded 
with respect to tree size parameters. Tree size measurements 
in the field were based on the larges~ trees within the 
stand being studied, and where mature trees were present 
(as was gene r ally the case) these would indicate the 
potent i al limits for the particular species at that site . 
At the few sites where mature trees were absent, the recorded 
sizes would be less than the potential limits. 
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Wh i lst t r ee he ight and bole diameter are not 
greatly affected by 5tocking density, crown diameter is. 
The small crown di ameters in stands of C. glauca can be 
attributed to t he f act th a t trees of this species usually 
occur in denser stan ds than the other species. 
Tr ees off. cunninghamiana tended to be 
larger than trees of th e oth er species, whilst f. cristata 
usually had greater crown and bole diameters and less er 
height than C. glauca . 
Exam i nat i on of individual parameter size-
frequency distr i but i ons s how to some extent the differences 
between the specie s , but s ome form of multivariate 
combination of t he three pa r ameters should separate the 
species more efficiently . 
Ande rson (1 9 54) demonstrated the usefulness 
in taxonomic studie s of a simple method of analysis which 
is not constrained (as ar e many other, mathematical, 
methods) by the need fo r continuous variables and samples 
with homocedast i c va ri a nc es and normal distribution. This 
technique was cons i dered applicable to the present problem . 
. Anderson pl otted frequency distributions of 
seven variables measu red on a small number of individuals 
of each of two re cognize d species. All but one of the 
distribut i ons ove rl ap ped between the two species, and no 
one variable was cons id er ed useful alone in discriminating 
between the two s pecies . He then divided each fr equ ency 
distribution into th r ee and on this basis gave each individual 
I· 
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a score for each of the seven variables: 0 if the character 
had values most like species 'A', 2 if most like species 'B', 
and 1 if intermediate . The sum of these scores resulted in 
a single index for eacb individual, by which the individual 
could confidently be assigned to one species or the other -
the frequency distribatjons of this index for the two 
species were quite discre t ~, 
This method was applied to test the three 
possible comb inations between pairs of the three species, 
using the three parameters of tree size (Figs. 4.1-4.3). 
Complete separation of species was not obtained, but the 
results do help to clarify the extent of differences between 
the species . 
If the histograms representing the frequency 
distribution of the multivariate indices obtained above are 
divided into two parts accord ing to which species the index 
most reliably represents~ the number of sites which would 
be allocated to the wrong species can be counted . By 
dividing this count by two (since there are 200 sites per 
histogram) the "percentage misallocation rate" may be 
determined . This is a measure of the effectiveness of the 
method in separating the two species with a given set of 
variables . 
Using the three variables of tree size, the 
misallocat ion rat es were as follows: 
C. glauca/C. cunninghamiana 
C. glauca/C. cristata 
19.5% 
21.0% 
C. cunn ingh amiana/C. cristata 30.5% 
,/. 
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Fig. 4.1 Frequency distribution histograms of sites 
(vertical axes) against tree size parameters 
(horizontal ax~s) for C. glauca and 
C. cunninghamiana 
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5 . 5 Soil physical factors 
The only soil physical factors assessed were 
stoniness and texture, both being estimated in the field at 
the time of sample collection. Colour was evaluated by 
reference to the Munsell Soil Colour Chart and could be 
split into the three components: hue, value, and chroma. 
Stoniness proved to be of little value in distinguishing 
site differences between tree species since few of the 
soils were stony. More sites of~- cunninghamiana had 
stony soils than the other two species. 
Thus there were four variables of soil 
physical and colour properties which could be used to 
distinguish between the species . Texture could easily be 
converted to a numeral score from verbal description by use 
of the following scoring system: 
1 . sand 
2 . loamy sand 
3 . sandy 1 oam 
4 . sandy s i 1 t loam 
5 . s i 1 t loam 
6 . s i 1 ty clay loam 
7 . clay 1 oam 
8. clay 
Any soils which did not fit exactly into these categories 
.were allotted to tbe most appropriate class - e.g . sandy 
clay loam would be counted as clay loam. 
Co l ou r valu e and chroma were already in a 
sc ore syste m ad required no further transformation . Hue 
ranged from 2 . 5YR to lOYR, so was scored as follows: 
2 .5Y R 
5YR 
7 .5Y R 
l OYR 
= 
= 
= 
= 
1 
2 
3 
4 
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Some soils we r e r eco r de d a s being neutral (e.g. N2). Such 
cases were des i gna t ed lO YR 2/0 to enable compatible scoring. 
This is reasonab l e s inc e no soil can be totally neutral, and 
the colou r of N2 was only closer to the colour of the soil 
than was lOYR 2/ 1. 
Sin c e t he s e variables are all discontinuous, 
and as such a r e conse quently precluded from most types of 
multivariate ana l ysis, they were treated similarly to tree 
size paramete r s . (sec t i on 5.4). When the three components 
of soil colou r we r e comb i ned (Figso 5 . 1-5.3) the two other 
species separated we ll from~ - glauca (misallocation rates 
of 12 . 5% and 14 % fo r £ . cunninghamiana and~- cristata 
respectively), bu t£. cristata and£. cunninghamiana 
overlapped more (mi sa llocation rate 24%). Including so i l 
texture wi th colo ur g~eatly improved the separation of 
~- cristata and£. cunnin ghamiana, but made the boundary 
between£. glau ca and £. cunninghamia~a slightly more 
diffuse . The mi sa ll oca tion rates using soil colour and 
texture we r e as f oll ow s: 
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(vertical axis) against combination of components 
of soil colour and soil texture (horizontal axis) 
for C. glauca and C. cristata 
0 1 2 3 4 5 6 7 8 
illilI) C. glauca ~ C. cristata 
Fig. 7.3 Frequency distribution histogram of sites 
(vertical ax ' s) against combination of 
components of soil colour and soil texture 
(horizontal axis) for C. cunninghamiana and 
C. cristata 
~ C. cunninghamiana ~ C. cristata 
I; 
C. glauca/f. cunninghamiana: 
C. glauca/f. cristata: 
C. cunninghamiana/f. cristata: 
14.5% 
10.0% 
10.5% 
This represents much better separation than was obtained 
using paramete rs of tree size. 
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It is worthwhile considering the differences 
in the individua l variables which, when combined, produce 
such effective (85-90%) separation of the species. 
The soil colour variable "value" appears to 
be closely alli ed with alterations in the parent material 
associated with the amount and distribution of organic matter 
I 
which is a function of the climate-vegetation interation. 
The hue and chroma variables appear to be rather closely 
allied with alterations in the parent material associated 
; 
with the intensity of weathering, stage of soil development, 
and drainage (Buntley and Westin, 1965). 
The present range of soil colour values 
appear generally to be inversely related to the organic 
matter content of the soil . Very small values occurred in 
soils under C. glauca - swampy soi1s with very high organic 
contents, whereas high values occurred in river sands under 
~- cunn in ghamiana , and in soils under C. cristata which 
were in poor rainfall areas with low rates of organic 
matter production. 
Buntley and Westin (1965) suggest that hue and 
chroma are dependent variables. However, within the range 
observed in this study tbey appear to vary independently. 
Most soils under~- glauca had hue values of lOYR, whilst 
chroma was generally 0,1 or 2. Similarly most soils 
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under C. cunninghamiana were of hue lOYR, but chroma was 
mainly 3 and higher; this may be due to different parent 
materials being involved. However, within the soils under 
C. cristata those of red der hue (2.5YR or 5YR) generally had 
higher scores for chroma than soils of hue lOYR. The 
redder soils occu rred in the more western sites; presumably 
this is linked with lesser rainfall leading to reduced 
weathering and lesser or-ganic matter production than occurs 
at the mo r e easte rn sites . In addition to being redder 
and having higher chroma, these soils also had higher colour 
value sco r es . Although hue and chroma varied similarly, the 
variable "value", which is definitely independent, also 
varied in the same way. Thus colour hue and chroma may not 
necessarily be d.ependent, but they may both be independently 
affected by the same factors. 
There were also differences in texture between 
soils asso ciated with tbe species (see Fig. 6) . Many soils 
under C. glauca described as silty loam had very high organic 
contents and were almost peaty. These high organic contents 
no doubt resulted from slow organic decomposition due to 
poor aeration through flooding. 
The tendency for C. cunninghamiana to occur 
mainly on soils of light texture may be significant . The 
texture of the river deposits on which this species grows 
would be governed largely by the rate of flow of the stream -
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where flow is fairly rapid (in the upper reaches of the 
stream) only coa rser sediments are deposited, whereas where 
flow rates decr ease (in the lower parts of the river system) 
finer sedimen ts may pr ecipitate out of suspension . The 
failure of~- cu nn inghamiana to occur along river banks in 
the western Pl a i ns of New South Wales may be partly due to 
its being f avou r ed by s oils of lighter texture . On the 
other hand, some othe r environmental factor may prevent 
this species f rom grow in g on the western Plains, leading 
to restriction of i t s r ang e to those areas where soil 
texture is li ghte r , in which case its location on sandy 
soils would not be i nd ic a tive of the significant ecological 
determinant . 
C. cri s ta ta occurs on soils with a wide 
• 
range of textu r es ~ As a ge ner a l rule it occurs on heavier 
soils in the we t te r parts of its range, and on lighter soils 
in the dr i er ar eas . This will be discussed i n gr eater 
detail later i n the section dealing with variation within 
C. cristata . 
5 . 6 So il ch emical factors 
On return to the University, the soil samples 
were dr i ed, s i eved, and analysed; the analytical methods 
used are desc ri be d in Appendix 3. 
Soil pH was determined for all eleven so i l 
samples col l ec t ed a t each site . One sample was randomly 
selected fr om th e t en surface-soil samples from each site 
53. 
for determ ination of the concentrations of nine n trient 
elements . However, in order to gain some indication of 
variat i on within the sites, all ten surface-soil samples 
from fifteen sites (five selected randomly for each species) 
were analysed . Study of the results from this more detailed 
analysis (see Tables 6 .1 - 6 . 3) indicated that within 
site variation was minor compared to between-site variation. 
Furthermo r e, when natur.al logarithmic transformations of 
the data were used, one sample per site was generally quite 
adequate to give 10% accu racy at 95% confidence limits. 
Consequentl y the use of one randomly selected sample to 
represent each site seems reasonable . 
Chemical analysis revealed substantial 
differences between species in soil pH and some nutrient 
elements . The results are summarised in Figures 8 . 1-8.11 
and Table 7 . Considered individually, these results show 
some interesting differences between species . 
For Casuarina glauca sites the topsoil was 
more acid than at the sites of the other two species - the 
median topsoil pH under~. glauca being 4 . 7 compared with 
6.6 and 6.5 under~- cunninghamiana and C. cristata 
respect ively. The reason for greater acidity under~- glauca 
is no doubt high levels of organic matter resulting from 
poor aeration due to the high water table. As mentioned 
previously, many of the~- glauca sites had quite peaty 
soils with very great organic contents (loss on ignition 
values were as great as 70%). 
Table 6.1 Within-site variation iR soil nutrient concentration, as indicated by 95% confid-
ence intervals, compared with between-site variation, as indicated by differences 
between means. 
Element: Nitrogen Phosphorus Sodium 
Species Site Mean Confidence Mean Confidence Mean Confidence 
interval interval interval 
. 
C. glauca 003 11866 14 53 524 91 9259 2155 
022 5187 1163 292 173 1435 325 
035 11795 1570 1273 104 4857 I 410 061 7942 1110 530 100 10479 1826 
096 13758 1838 1249 101 1621 364 
C. cunninghamiana 202 3580 654 451 27 288 92 
255 1096 210 697 t 44 333 77 
257 278 66 494 12 271 91 
266 1818 335 424 59 150 58 
283 749 271 309 31 122 56 
C. cristata 411 1924 
,, 246 446 14 124 27 
415 3380 1030 453 129 316 92 
437 204 54 81 13 78 28 
442 758 71 219 34 364 58 
470 2785 313 982 126 I 291 26 I 
Nutrient concentrations expressed in ppm 
.. 
c.n 
..p,. 
Table 6.2 Within-site variation in soil nutrient concentration, as indicated by 95 % confid-
ence intervals, compared wi th between-site variation, as indicated by differences 
between means. 
Element: Potassium Calcium Magnes ium 
Speci e s Site Mean Confidence Mean Confidence Mean Confidence 
interval interval interval 
C. glauca 003 5307 1112 2010 638 4642 436 
022 743 160 1643 1957 1009 540 
035 2525 116 1784 196 4435 157 
061 2497 215 4513 562 3873 283 
096 3493 590 3638 1070 2948 361 
C. cunninghamiana 202 1583 209 6566 536 4307 454 
255 833 69 I 9339 630 6663 899 
257 l 981 158 10565 505 8515 10 93 266 I 223 33 11181 1694 8254 1827 283 946 211 6240 861 3090 407 
. 
C. cr i stata 411 1768 178 2689 585 1261 100 
415 6742 115 7 5730 3180 3231 698 
437 1590 92 693 105 907 93 
442 6662 612 3886 881 5326 663 
470 9665 1152 5802 1196 4202 689 
Nutrient concentrations expressed in ppm 
u, 
u, 
'!!JI 
Table 6.3 Within-site variation in soil nutrient concentration, as indicated by 95 % confid-
ence intervals, compared with between-site variation, as indicated by differences 
between means . 
Element: Zi nc Manganese Iron 
Species Site Mean Confidence Mean Confidence Mean Confidence 
interval interval interval 
C. glauca 002 49.0 6 . 0 
' 
92 57 17262 1914 
022 3 . 6 1.2 9 3 2189 561 
035 47.4 3 . 4 79 5 41582 5762 
061 24.3 4. 1 36 7 35792 6005 
096 80 . 6 12 . 7 77 11 13712 2335 
C. cunninghamiana 202 57 . 3 3 . 7 304 63 20406 3036 
255 65 . 2 5 . 3 610 128 32839 5765 
25 7 68 . 4 3 . 0 491 82 f 37581 3531 
2·66 70 . 2 9 . 8 903 230 42390 9163 
283 46.3 8 . 0 397 97 15708 3005 
C. cr i stata 411 37. 6 4 00 
' 
410 58 13515 651 
415 4 5 . 4 4 . 9 1108 286 24783 2931 
43 7 21 . 0 2 . 3 66 9 10333 69 7 
442 52 . 7 4 87 I 381 35 21641 1426 
f; 
470 77 . 7 6 . 8 ~ 899 188 30940 3769 i . 
Nutr i en t concent r at i ons expressed in ppm 
u, 
0) 
Table 7 
top pH 
SUD pH 
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
Median values, with 95% confidence limits, for each species for the soil chemical 
properties listed. 
C. glauca C. cunninghamiana C. cristata 
Median 95% confidence Median 95% confidence Median 95% confidence limits 
limits limits 
lower upper lower upper lower upper 
4 .67 4.46 4 . 87 6.59 6.38 6.80 6.47 6.23 6. 71 
· 4 . 98 4.67 5.28 6.44 6 . 20 6.67 7.96 7.71 8.21 
7088 5835 8341 1833 1462 2204 2159 1692 2628 
460 373 547 369 294 444 240 172 308 
1652 I 486 2817 165 200 129 178 123 233 I 
3011 2279 3741 3588 2936 4239 4161 3703 4619 
2048 1216 2879 4037 2762 '5313 4395 1992 4999 
2512 2058 2965 I 3285 2554 4015 2469 2140 2799 42 33 51 53 1 44 61 36 33 40 
57 171 -58 380 446 315 313 224 404 
14253 11445 17062 19385 28359 10410 18321 16760 19882 
Nutrient concentrations expressed in ppm 
I 
U1 
........, 
Fig. 8.1 Frequency distribution - topsoil pH 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number of sites 1n each class 
Horizontal axis - topsoil pH in increments (0.233 pH units) 
from pH 3.65 to pH 8.32 
Fig. 8.2 Frequency distribution - subsoil pH 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number of sites in each class 
Horizontal axis - subsoil pH in increments (0.275 pH units) 
from pH 3.34 to pH 8.83 
Fig. 8.3 Frequen cy distribution - soil nitroge11 concentratim1 
C. glauca 
C. cunninghamiana 
C: cristata 
Vertital axis - number of sites in each class 
Hori7ontql axis - soil nitrogen concentration in 
increments of 1230 ppm from O ppm to 24600 ppm 
Fig. 8.4 Frequency distribution - soil phosphorus concentration 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number of sites in each class 
Horizontal axis - soil phosphorus concentration in 
increments of 94 ppm from O ppm to 1880 ppm 
Fig. 8.5 Frequency distribution - soil sodium concentration 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number of sites in each class 
Horizontal axis - soil sodium concentration in increments 
of 595 ppm from 0 ppm to 11309 ppm. Last class 11310 ppm 
to 29760 ppm 
Fig. 8.6 Frequency di stribution - soil potassium concentration 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number of s i tes i n each class 
Horizontal axis - soil potassium concentrat ion 1n increments 
of 670 ppm from 250 ppm to 13656 ppm 
Fig. 8.7 Frequency distributio - soil calcium concentration 
C. glauca 
C. cunningharniana 
C. cristata 
Vertical axis - number of sites in each class 
Horizontal axis - soil calcium concentration in increments 
of 1759 ppm from 98 ppm to 35270 ppm 
Fig. 8.8 Frequency distribution - soil magnesium concentration 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number of sites in each class 
Horizontal axis - soil magnesium concentration in increments 
of 787 ppm from 118 ppm to 15860 ppm 
Fig. 8.9 Frequency distribution - soil zinc concentration 
C. glauca 
C. cunningharniana 
C. cristata 
Vertical axis - number of sites in each class 
Horizontal axis - soil zinc concentration in increments 
of 12.4 ppm from 2.0 ppm to 250 ppm 
I, 
Fig. 8.10 Frequency distribution - soil manganese concentration 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number.of sites in each class 
Horizontal axis - soil manganese concentration in increments 
of 80 ppm from 2 ppm to 1518 ppm. Last class - 1518 ppm to 
3991 ppm 
Fig. 8.11 Frequency distribution - soil iron concentration 
C. glauca 
C. cunninghamiana 
C. cristata 
Vertical axis - number of sites in each class 
Horizontal axis - soil iron concentration in increments 
of 3612 ppm from 723 ppm to 69348 ppm. Last class -
69348 ppm to 181315 ppm 
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The frequency distributions of topsoil pH for 
C. cunninghamiana and~- cristata were markedly bimodal. 
Subsoil pH separated the three species even 
more effectively than topsoil pH. C. glauca was again 
characterised by low pH (median 5.0), ~- cunninghamiana by 
intermediate (median 6.4), and~- cristata by high pH 
(median 8.0). It is interesting to contrast the frequency 
distributions for topsoil pH and subsoil pH under~- cristata. 
On the other hand, the frequency distributions for topsoil 
pH and subsoil pH under~- cunninghamiana are very similar. 
This different relationship probably reflects differences 
in their respective soil histories. ~- cristata probably 
occurs on very old soils (particularly in the western part of 
its range in New South Wales), and the increase in pH down 
the profile could indicate leaching of cations from the 
upper levels . Although leaching is slight at present, these 
soils may have developed during more humid periods, when 
intense chemical weathering, leaching and impoverishment of 
irreplaceable reserves were the operati ve pedogenic trends 
(Charley and Cowling, 1968). 
The soils under~- cunninghamiana, on the 
other hand, are relatively young soils of alluvial origin 
with new layers frequently deposited upon existing ones. 
In this way there is no opportunity for substantial leaching 
to occur. 
Soil nitrogen content was considerably greater 
under C. glauca than under the other species. This can be 
attributed directly to differences in organic content, the 
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very high organ i c contents unde r f. glauca being linked 
with high total nitrogen concen tr a ti ons, whilst low organic 
contents under f. cunn in ghami ana an d C. cristata parallel 
low concentrat i ons of nitroge n. 
Si nce Casua rin a s are nitrogen fixing plants, 
they might be expected t o i nhabit soils with low nitrogen 
content . How can th i s be reconc iled with the nitrogen-rich 
~- glauca soils? Since high wa t er tabl e and poor aeration 
reduce decompos i t i on of or gan ic matt e r , much of the nitrogen 
in these soils probab ly rem a i ns in forms unavailable to 
higher plants, be i ng bound i n unde composed organic molecules. 
Both f. cu nn i ngha mi a na and C. cristata occur 
on soils deficient i n total nit r ogen , so that their capacity 
to fix nitrogen i s impo r tant . Thi s situation has arisen in 
contrasting ways . 
f . c unn i ngham i a na i nhabits young alluvial 
river deposits . These a r e poo r in nitrogen because the 
dense r minera l pa r t i cles wo uld se ttle out of suspension 
before organic pa rti cles . 
f . c r istata , howe ver, may occur on very old 
soils in low ra infal l a r eas . As rainfall decreased, or 
became less rel i ab l e, wit h many small showers rather than a 
few l arger f al l s, the ann ual pe riod of active plant growth 
would shorten and ni t r ogen build up in the system would be 
lessened acco rdi ng l y (Ch arl ey a nd Cowling, 1968). Furthermore, 
the very high temperatu r es r eached at the soil surface in 
such areas wou l d i ncr ease l os s of nitrogen to the atmosphere. 
r 
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Phosphorus concentration was greater in soils 
under C. glauca than f. cunninghamania and greater in 
~- cunninghamiana soils than C. cristata soils. As with 
nitrogen, a considerable proportion of the phosphorus may 
have been bound in organic compounds in the~- glauca soils. 
The fairly great (relative to nitrogen) phosphorus content 
of soils under C. cunninghamiana may be influenced by 
widespread use of phosphate fertilizers within the stream 
catchments ~ The lesser concentrations of phosphorus in 
C. cristata soils may be a result of leaching in an ancient 
climatic regime, or small concentrations in the soil parent 
material, or, quite probably, a combination of both . It is 
interesting to compare these data (arithmetic means): 
C. glauca 
C. cunninghamiana 
C. cristata 
517 ppm phosphorus 
413 
319 
with data listed by Charley and Cowling (1968) -
Soils No. of samples Mean P. content 
u . s . arid zone 573 700 
Australia arid zone 70 240 
Other arid zones 70 710 
Australia humid zones 208 620 
Other humid zones 1270 730 
The concentrations of sodium in soils under 
C. glauca was considerably greater than for soils under 
C. cunninghamiana and C. cristata. This might be expected 
in view of the normal association of C. glauca with free 
(ppm) 
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salt or brackish water. However, it is a little surprising 
to find that concentrations of sodium under£. cunninghamiana 
and£. cristata were practically identical, considering 
the different origins and soil types involved. Soil potassium 
was only slight]y different between species, and cannot be 
considered as a discriminator between the species. 
Calcium was present · in greater concentrations 
in soils under£~ cunninghamiana and£. cristata than under 
C. glauca. This is in accord with the pH recordings, since 
calcium would probably be the main element contributing to 
high pH in soils of the first two species . It is interesting 
to note that there was almost no difference between calcium 
levels beneath£. cunninghamia~a and£. cristata, since 
C. cristata frequently occurred on soils with calcareous 
concretions at varying depths below the surface. Probably 
the calcium had been effectively leached from the surface 
soil, and precipitated lower down the profile . 
Magnesium and zinc occurred in larger amounts 
,n soils under C. cunninghamiana than soils under the other 
two species. 
Soils of C. cunninghamiana and C. cristata 
contained mach greater concentrations of manganese than did 
soils of£. glauca. Manganese is much more soluble at low 
pH, sometimes causing toxicity in acid soils . Possibly the 
small concentrations of ~anganese under£. glauca are in 
part the effect of low pH in making manganese more mobile, 
and more liable to loss from the system. 
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Median soil iron concentrat ions were only 
slightly different between the spec i es, although the means, 
being sensitive to extreme values, suggested that 
fo cunninghamiana occurred on soils with much greater iron 
contents than tbe other two species . Iron concentrations as 
great as 180,000 ppm (18%) were recorded in soils collected 
from some stands o·f f. cunninghamiana . 
Having examined the variation of the different 
soil chemical features individually, it seemed worthwhile 
to examine corr.elations between them (Tables Bol -8 .4). 
Caution must be exercised in such analysis, since a high 
correlation between two factors does not necessarily imply 
a direct relationshipo Furthermore, because of the large 
number of samples~ minimum significant values are very 
small, and r.epresent correlation which would be too 
indistinct to be detectable by visual examina tion of the 
s c a t t e r o f p o i n t s o .,. 
Predictably soil pH is po sitively correlated 
with soil calcium for all three species . For Co glauca 
<-
soil calium is the on l y element significantly correlated I\ 
with soil pH, but i n the othe r species other elements are 
also correlated with soil pH. Soil phosphorus , magnesium, 
manganese and iron a r e all very highly significantly 
positively co rr elated with pH i n soils· off. cunninghamiana . 
Probably the same factors which cause large calcium 
concentrations (and hence also pH) in some soils also lead 
to large concent r ations of the other elements . Phosphorus, 
magnesium, manganese and iron when compared with calcium have 
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Tab l e 8 .1 Correlation matrix - Soil chemical properties 
f_. gl auca 
Va ri ab le pH N p Na K Ca Mg Zn Mn Fe 
pH 
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
lo 00 0.48 
1.00 0a75 0.41 0.46 0.48 
1.00 0a44 0.55 0.57 0.33 
1.00 0.37 
1.00 0.50 0.46 0 .31 0o28 
1.00 0.48 0.48 0o21 
1.00 0066 0.44 
lo00 0.46 0.41 
1.00 0o26 
lo00 
Minimum value significant at 5.0% level 0o20 
lo0% 0a26 
0o1% 0.32 
Values with absolute magnitude less than 0020 have been 
omitted 
Table 8.2 Correlation matrix - Soil chemica l properties 
f. cunninghamiana 
Variable pH N p Na K Ca Mg Zn Mn Fe 
pH 
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
1.00 0 . 41 0 .23 -0.25 0.56 0.49 0033 0.48 
1.00 0.48 0.28 0.33 0 . 39 0.40 0.55 0.61 0.33 
1.00 0.56 0.81 0.85 0.47 0.72 0.89 
1.00 0 0 62 0.64 0.36 0.48 0.54 
1.00 0 o 2 6 I 
1.00 0.90 0.45 0.72 0.81 
1.00 0.53 0.74 0.87 
1.00 0.47 0.49 
1.00 0.68 
1.00 
Minimum value significant at 5.0% level 0.20 
l.,0% 0.26 
0.1% 0.32 
Values with absolute magnitude less than 0.20 have been 
omitted 
f 
Table 8 03 Correlation matrix - Soil chem ic a l properties 
C. cristata 
Variable pH N p Na K Ca Mg Zn Mn Fe 
pH 
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
l o00 -0 036 -0.35 0 . 2J9 U:-33 -0 .21 -0.38 -Do35 
1 . 00 0 o76 0.47 0.30 0 o57 0.56 0.42 
1 000 0.51 0.24 0 . 66 0.56 0.45 
1 . 00 0 . 48 0 . 22 0 . 64 0 .2 9 0.33 
1.00 0 . 26 0.73 0 073 0.39 0.69 
1 . 00 0 .5 4 
1 .0 0 0 G60 0.29 0.59 
1.00 0.56 0.73 
1.00 0.49 
1.00 
Minimum value sign i ficant at 5 . 0% l evel 0o20 
10 0% 0.26 
0 o1% 0.32 
Values with absolute magn i tude l es s than 0.20 have been 
om i tted 
Table 8.4 
Variable pH 
pH l oOO 
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
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Correlation matrix - Soil chemica l pr operties 
All species combined 
N p Na K Ca Mg Zn Mn Fe 
-O o53 -O o19 -0 . 39 0.51 0 . 27 0 . 22 0.26 
1 . 00 0.62 0 . 42 0 . 15 0 .1 8 0 .37 
1 . 00 0.18 Doll 0.32 0 . 57 Oe54 0 .2 6 0 .. 50 
1.00 0 . 13 - 0.20 
1 . 00 0 . 28 0 . 38 0 .26 
1.00 0 . 65 0 . 30 0 .. 27 0.49 
l oOO 0 . 57 0.35 0 .. 76 
1. 00 0 .38 0.43 
1.00 0.37 
1.00 
Minimum value significant at 5 . 0% le vel 0.11 
1 . 0% 0.15 
0 . 1% 0.19 
Values with absolute magnitude less than 0.11 omitted 
co r r e 1 a t i o n co e ff i c i e n ts o f O .. 8 1 , 0 . 9 0 , 0 • 7 2 a n d O . 8 1 
respectively. 
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In contrast, phosphorus, manganese and iron, 
as well as nitrogen, are very highly significantly negatively 
correlated with pH in soils under C. cristata. Magnesium 
and pH are positively correlated, but this again seems more 
likely to be a result of association between calcium and 
magnesium. 
Thus there is good evidence that calcium is 
the major element affecting soil pH. 
If it is assumed biologica l nitrogen fixation 
is the main source of input of nitrogen to the soil, then 
soil nitrogen content could provide some tentative measure 
of biological activity at a siteG Of course, many other 
factors influence soil nitrogen content - nitrogen content 
of the parent material, amount of nitrogen held in living 
plant mate rial and litter, denitrification rate - but 
nevertheless soil nitrogen content might be regarded as 
reflecting biological activity o Consequently examination of 
the correlation between nitrogen concentration and other 
soil chemical features may yield information on the effects 
of those features on plant growth. 
In soils under C. glauca, nitrogen concent rat-
ion was very highly correlated with phosphorus (r = 0075), 
and also with calcium, magnesium and zinc. Whilst this 
suggests these elements directly affect plant growth, because 
of the high organic content of these soils, high correlation 
between nitrogen and phosphorus might reflect high 
concentrations of both these elements in undecomposed 
organic matter . 
In soils under~- cunninghamiana, nitrogen 
content was highly significantly positively correlated 
with all other nutrient elements determined. Since these 
soils range from almost pure silica sands this is not 
surprising. Phosphorus is one of the elements most highly 
correlated with nitrogen o 
In soils under f o cristata, nitrogen is 
positively correlated with all other elements except sodium 
and calcium, and is negatively correlated with pH. For 
~. cristata increasing soil pH corresponds with decreasing 
rainfall (this will be discussed further later). If 
rainfall regalates biological activity it would be 
reasonable to expect pH to be negatively correlated with 
soil nitrogen concentration. Since calcium is highly 
positively correlated with pH, this explains why for this 
species soil nitrogen is not correlated with soil calcium 
Content o 
For soils of all three species soil 
nitrogen content is highly positively correlated with soil 
phosphorus ~ Although this may be partly explained by the 
large contents of both of these elements in undecomposed 
organic matter, it seems r easonable to conclude from these 
data that phosphorus is an effective factor in regulating 
biological activity o 
Tbere are many correlations between the 
mineral elements - in broad terms, these may be assumed 
to be due to common association rather than cause and 
effect o 
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Multivariate methods are valuable in soil 
studies where soils are described by many properties which 
are typically corr.elatedo Despite such an apparently 
complex correlation structure, it may be possible to 
effectively describe the variation using a reduced number 
of criter.ia o If a simpler structure is present, multi-
variate methods can demonstrate its existence and nature 
(Norris, 1970)0 
Where m properties are measured for each of 
n sites, the data may be considered as an n x m matrix o 
If m orthogonal axes are set up along which the parameters 
are scaled, each site is represented as a single point in 
the m-dtmensional space o If the variables are expressed 
as standard deviates from the mean, then with independent 
parameters each normally distributed, the points representing 
then observations take the form of a spher ically 
symmetrical swarm with density highest ~t the intersection 
of the axes (i.e o at the mean values of the parameters) 
and falling off evenly in all directions from the centre . 
If the parameters are correlated, the ·sp herical distribution 
will be replaced by an ellipsoidal one o In the extreme 
case, if all the parameters were wholly correlated, the 
swarm of points would be confined to a straight line 
(Davidson, 1972)0 
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When the distribution is ellipsoid, the major 
axis of the swarm of points will be the straight line which 
accounts for the greatest proportion of the total variation, 
and this axis is the first componento Successive axes 
(components) may be chosen, each of which splits off the 
greatest possible proportion of the remaining variation, 
until the pth component (where p=m or p=n-1, whichever is 
smaller) exhausts the data o 
Each component is a linear vector derived 
from the original m variables. Thus -
v1 = ull xl + u12 x2 + u13 X3 + + Ulm X C O O O 0 m 
v2 ::; u2l xl + u22 x2 + u23 X3 + + u2m X G O O O 0 m 
V = upl xl + u x2 + u X3 + + u X p p2 p3 & 0 0 • 0 pm m 
where vl' v2 etco are the components 
u11 , u12 etc. are the vector coefficients 
xl, x2 etc o are the variableso 
These equations may be solved, substituting 
a s x . t h e v a 1 u e s ( e x p r e s s e d a s s ta n d a r d- d e v i a t e s f r o m t h e 
1 
mean) for each variable for a particular site, thus deriving 
a new set of variables for each site, each of which 
successively represents the greatest proportion of remaining 
variation between the sites. 
For practical purposes, the first few components 
account for most of the variation, with each of the remaining 
components itself representing an insignificant amount of the 
total variation~ That part of the variance for which a 
particular component accounts is given by its eigenvalue. 
These first few components, which have the largest 
eigenvalues, are the principal components. 
Thus the original data may be effectively 
represented by only a few variables, which considerably 
aids interpretationo Furthermore, these new variables 
are independent, making them amenable to statistical 
treatment. 
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This method maximizes separation of the 
sites included in the analysis - it treats all the sites as 
coming from one population, and does not specifically 
separate the sites into groups, although it may indicate 
the existence of groups o 
Principal components analysis was carried 
out on the three combinations of two species, treating the 
200 sites as one population and using principal components 
to maximise dispersion of the sites on a small number of 
new variables~ Eleven input variables were included in 
the analysis - topsoil pH, subsoil pH, and surface soil 
concentrations of nitrogen, phosphorus, sodium, potassium, 
calcium, magnesium, zinc, manganese and iron. 
To overcome differences- between variables 
with respect to absolute values of their means, and their 
different dispersions, values of each variable were 
re-expressed as standard deviates from the mean for that 
variable o This involved subtracting the population mean 
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from the individual sample value, and then dividing by the 
population standard deviation. 
Tables 9ol-9.3 show the vector coefficients 
of the first two principal components for ea~h combination. 
Variables with coefficients of greatest absolute magnitude 
have greatest effect on the component, so it may be seen 
which factors contributed most to the variation within each 
component o 
In the first component of the combination 
~. glauca-~o cunninghamiana the most important elements were 
the cations calcium, magnesium, and iron. The most 
important factors in the second component were topsoil and 
subsoil pH, nitrogen, phosphorus and sodium. 
The most important factors in the first 
component of the ~ o glauca-~o cristata combination were 
nitrogen, phosphorus, magnesium and zinc, and in the second 
component, surface and subsoil pH. 
In the third combination, ~ o cunninghamiana-
~o cristata, tbe main factors were magnesium, iron and 
phosphorus; the factors dominating the ~econd component 
were surface soil and subsoil pH. 
New variables were calculated for each site, 
using the solutions of the first two principal components 
(which accounted for 62%, 58% and 59% of the total 
variation in the combinations~- glauca - ~ - cunninghamiana, 
~. glauca - C~ cristata and C. cunninghamiana - C. cristata 
respectively). 
Table 9.1 
Component 
Eigenvalue 
Cumulative% 
% in component 
Topsoil pH 
Subsoil pH 
Nitrogen 
Phosphorus 
Sodium 
Potassium 
Calcium 
Magnesium 
Zinc 
Manganese 
Iron 
7 3. 
First two principal components based on soil 
chemical properties of sites of C. glauca and 
C. cunninghamiana 
I 
4.20 
38o2 
38.2 
I I 
2.63 
62.1 
23.9 
Vector coefficients 
00312 -0.417 
0.298 -0.374 
-0.004 0.522 
0.285 0.388 
-00077 0.345 
00056 00204 
0.436 00002 
0.426 0.159 
0.300 0 . 275 
0.309 -0.013 
0.407 0.003 
Table 9 . 2 
Component 
Eigenvalue 
Cumulative% 
% in component 
Topsoil pH 
Subsoil pH 
Nitrogen 
Phosphorus 
Sodium 
Potassium 
Calcium 
Magnesium 
Zinc 
Manganese 
Iron 
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First two principal components based on soil 
chemical properties of sites of C. glauca and 
C . c r i s ta ta . 
I 
3.59 
. 3 2 •. 7 
32.7 
I I 
2.80 
58.1 
25.4 
Vector coefficients 
0.251 0.470 
0.221 0.473 
-0.405 -0.182 
-0.422 -0.038 
-0.232 -0.216 
-0 .2 67 0.279 
-0 . 057 0 .386 
-0.373 0.277 
-0 .429 0.155 
-0 .122 0.328 
-0.282 -0.325 
Table 9.3 
Component 
Eigenvalue 
Cumulative% 
% in component 
Topsoil pH 
Subsoil pH 
Nitrogen 
Phosphorus 
Sodium 
Potassium 
Calcium 
Magnesium 
Zinc 
Manganese 
Iron 
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First two principal components based on soil 
chemical properties of sites of 
C. cunninghamiana and C. cristata. 
I 
4.35 
39.6 
39.6 
I I 
2.08 
5805 
18.9 
Vector coefficients 
0 .143 -0.602 
0.183 -00416 
0.268 0.383 
00385 0 0 188 
0.250 -00100 
0.133 00255 
0.332 -0.297 
0.432 -0.112 
0.325 0.209 
0.313 0.246 
0.381 -0.053 
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Scatter diagrams of these new variables 
(Figs. 9.1-9.3) illustrate the relative importance of 
within-species and between-species variation in determining 
the total variation of each two-species population. Clearly 
~- glauca and£. cunninghamiana appear to occur on soils of 
different chemical qua1ities, as do£. glauca and£. cristata. 
However, the scatter of the points of£. cunninghamiana and 
C. cristata in combination indicates that when all eleven 
chemical variables ar~ considered simultaneously, 
differences between soils of these species appear insignificant 
compared with diffe-rences within them. There seems no 
reason to conclude that f. cunninghamiana and C. cristata 
occur on soils which differ substantially in their chemical 
quality. 
In contrast to principal components analysis, 
which effecti vely maximtses differences between individuals 
within a population, discriminant analys is (or canonical 
variate analysis) is a multivariate technique which maximises 
differences between pre-defined groups of individuals. As 
with principa l components analysis, linear function~ 
(vectors) of tbe original m variables are derived, each of 
which successively accounts for the greatest possible amount 
of the remaining variation, separating then group~ with 
maximum efficiency. The number of vectors required to 
account for all the variation is p where p=m or p=n-1, 
whichever is the smaller. 
This technique is restricted by the 
assumptions that the groups have equal dispersions and 
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variates are normally distributed. 
The data from chemical analysis of soil 
samples collected beneath the three species of Casuarina 
were frequently heteroscedastic with respect to variance, 
and significantly non-normal. A number of transformations 
were tested tn an attempt to deal with this situation. 
These transformations are listed below: 
1 og X 
1 n X 
rx 
arctan x 
sinew 
where x represents the variable value and 
X W = -- X 1.57 . 
xmax 
Each of these transformations (except arctan 
x) improved the homogeneity of the data, but none reduced 
all variables to homogeneity and normal distribution. A 
combination of natural log transformations for some variables 
and squar.e root transformations for the others made most 
variables ipproximately homogeneous and normal. Iron was 
omitted due to its high heteroscedasticity even when 
transformed . 
If species were treated in pairs, a single 
discriminant function was sufficient to account for all the 
variation . Thi~ function was basically similar to a 
principal component, and the coefficients were weighted to 
compensate for the differing magnitudes and units of 
measurement of the variables. Thus to solve the function 
for eacb site (as was done for principal components) it 
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was necessary to first transform the variables, using the 
transformation for each variable which made the variances 
most nearly bomogeneous, and then to convert these 
transformed values to an equal basis, by re-expressing them 
as standard deviates from the mean. 
Since only one discriminant function was 
needed, each site could be represented by a single value, 
and the sites collectively represented by a frequency 
distribution for this value. 
f~ cunninghamiana and f. glauca were found 
to have significantly different populations of soils from 
the point of view of the ten chemical variables. The 
centroids of the two groups in reduced space were 0.98 and 
-0.28 respectively, with 95% confidence interval 0.20. 
Whilst this is of interest, it is also desirable to know 
how completely tbe two species were separated. Fig. 10.1 
shows the frequency distribution of solutions for each site 
of the discriminant function. Separation was almost 
complete, the misallocation rate being only 1%. This shows 
that discriminant analysis has been very effective in 
separating these two species on the basis of soil chemical 
properties. 
The coefficients for the discriminant function 
for C. cunninghamiana-f. glauca soil chemical data are 
Fig. 10. 1 Separation of sites of C. glauca and C. cunning amiana 
by discriminant function based on soil chemical 
properties 
I 
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Fig. 10.2 Separation of sites of C. glauca and C. cristata by 
discriminant function based on soil chemical properties 
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Fig. 10.3 Separat ion of sites of Co cunnin[hamiana and C. cristata 
by discriminant function based on soil chemical properties 
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listed below:-
top SUD 
soil pH soil pH N p Na K Ca Mg Zn Mn 
1.65 -1.43 -4.62 1.97 -2.94 1.20 2.20 -0.33 0.39 1.05 
where natural logarithm transformation was used for topsoil 
pH, subsoil pH, sodium, calcium and magnesium, and square 
root transformation was used for the remainder. 
Soil nitrogen stands out as the major 
discriminating variable, followed by soil sodium and calcium. 
~c glauca and C. cristata were also found to 
have significantly different populations of soils when 
chemical properties are considered. Group centroids were 
2. 09 and 0.79 respectively; confidJnce interval was 0.20. 
The frequency distribution of solutions for each site of 
the discriminant function is depicted in Figure 10.2. 
The coefficients for this discriminant function 
were: 
top sub 
soil pH soi1 pH N p Na K Ca Mg Zn Mn 
0.53 -2 .14 4.90 -2.55 2.35 -1.04 -0.99 -1.06 1.82 -2.24 
where square root transformation was used for phosphorus, 
potassium, zinc and manganese, and natural logarithmic 
transfo rmation was used for the remainder. 
Clearly soil nitrogen concentration is again 
the major discriminating variable, followed in decreasing 
importance by phosphorus, sodium and manganese concentrations, 
and subsoil pH. 
i. 
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Wben sites of£. cunninghamiana and 
C. cristata were separated by discriminant analysis of 
soil chemicaJ p operties, a surprising degree of separation 
was attained (Fig~ l0o3), although the group centroids were 
only marginally significantly differento Considering the 
great general similarity of the soil chemical properties 
of the soils under these two species (see Fig. 9.3), this 
is a dramatic demonstration of the efficiency of this 
technique in separating populations of datao The most 
important discriminating variable was subsoil pH, followed 
by zinc concentrationo 
5o7 Var iation within Casuarina cristata 
C. cristata occurs over a wide geographical 
range within New South Wales, from areas receiving about 25 
inches (635~mm) rainfall to areas of less than 8 inches 
(203 mm), whilst potential evaporation increased from less 
than 60 inches (1524 mm) to about 100 inches (2540 mm) 
over the same r.ange. Thus the potential evaporation : 
rainfall ratio varies from about 2:1 in the east to 
approx imately 12:1 in the north-west of the state. This 
represents a substantial climatic gradient from east to 
, . 
west, and corresponding variation in the vegetation and soils 
might be expe cted. 
In order to assess some aspects of variation 
within C .. cristata, sampling was conducted on five "transects", 
more or less equally spaced across the ·range of the species 
and running in an approximately north-south direction. Thus, 
t 
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if variation followed the predicted trend, each transect 
would be roughly uniform but differing from other transects 
further west or easto 
The five transects were made up as follows: 
Transect 1 Sites 401-415 
Transect 2 Sites 456-479 
Transect 3 Sites 480-500, 416, 417, 
452-455 
Transect 4 Sites 418-435 
Transect 5 Sites 436-451 
The sites 416, 417, and 452-455 were grouped with transect 
3 because they were more similar to that transect than to 
more western transects . 
Tree size decreased from east to west, 
probably mainly due to decreasing water availability. The 
combination of height, crown diameter and stem diameter 
for each, tallied by transects, is shown in Figure 11. 
Soil colour also changed across the range, 
becoming redder and attaining higher sco~es for chroma 
towards the west. The tendency to red is probably linked 
with the state of iron oxide in the soil, hematite being 
responsible for the red colour in many ·s oils developed under 
free drainage in tropical and sub-tropical areas. This 
substance occurs in a very finely divided form and need be 
present in only fairly small amounts to impart intense 
colouration . The mineral responsible for most of the 
Fig. 11 
Transect 1 
I I 
Transect 2 
Transect 3 
0 
Frequency distribution histograms of sites (vertical 
axes) against score for combination of tree size 
parameters (horizontal axis) for transects of 
C. cristata 
I I 
' ' 
I I 
Transect 4 
Transect 5 
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inorganic colouration of freely drained soils is goethite 
which has colours ranging from reddish brown to yellow with 
an increasing degree of hydration (Fitzpatrick, 1971). 
The increase in chroma is probably associated 
both with the state of the iron oxide present and with a 
decrease in organic matter, which again is governed by water 
availability. 
Soil texture also varied from east to west, 
being generally heavier in the east and light in the west. 
This change of occurrence from heavy to light soils 
corresponds to changes in habitat from depressions to low 
ridges. This is not remarkable, since soils in depressions 
would normally be of heavier texture (being colluvial) 
than those on ridges. However, it may have particular 
importance where soil moisture is limiting. As mentioned 
earlier, confinement of the species in the eastern parts 
of its range to drainage lines suggests a need for higher 
moisture statas than occurred in surround ing areas. The 
change in habitat to sandy ridges in drier areas could be 
consistent with this hypothesis. Possibly the soil is 
deeper on the low ridges than it is between them, enabling 
the roots to penetrate to a greater depth and so to obtain 
water from a gr.eater volume of soil. Furthermore, sand dunes 
in deserts have mor.e favourable moisture conditions than the 
surrounding clay soils (Oosting, 1956). When both are at 
or near tbe wilting percentage, as they frequently are, a 
typically ligbt rain provides little or no available water 
in the clay but does provide some in sand, in addition to 
penetrating more deeply, because of the lower wilting 
percentage of sand. 
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The difference between transects on the basis 
of soil texture, hue and chroma, is displayed in Figure 12. 
Some soil chemical properties varied across 
the range of C. cristata (Table 10). 
Surface soil pH increased markedly from east 
to west, being mostly pH 5 - 6 in the eastern transects and 
pH 7 - 8 in the western areas. Generally pH values about 
neutrality are associated with high contents of exchangeable 
calcium and magnesium sometimes supplemented by free 
carbonates (Fitzpatrick, 1971). White concretions which 
were pr.obably calcium carbonate were observed in many of the 
soil profiles, gener.ally confined to the subsoil . Subsoil 
pH showed very little variation between transects. 
Soil nitrogen concentration decreased from 
east to west~ as did phosphorus. This was probably due to 
decreased or.ganic matter production with decreasing 
rainfall . 
Manganese and iron concentrations appeared 
to decrease from east to west. 
Th ese results suggested it might be worthwhile 
applying principal components analysis to determine whether 
overall variation between transects predominated over 
variation within transects. Figure 13 shows the scatter 
Fig. 12 Frequency distribution histograms of sites (vertical 
axes) against score for combination of components 
of soil colour and soil texture (horizontal axes) 
for transects of C. cristata 
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Table 10 
Transect 
1 
2 
I 
3 
4 
i 
i 
i 
I 5 
I 
+C.L. 
Median values, with 95% confidence limits, for transects of C. cristata for soil 
chemical properties listed below. 
Data top pH sub pH N p Na K Ca Mg Zn Mn Fe 
I 
Median 5. 9 8 .0 3862 334 212 3185 3950 250 1 37 720 18428 
+C.L. 6.3 8 . 6 5769 648 285 4566 5796 3536 46 963 22915 
- C . L . 5 . 4 7.4 1955 20 140 1805 I 2105 1466 28 476 13941 
I 
Median 5.9 · 7. 7 3237 412 195 5049 I 3726 2791 45 958 23198 
+C.L. 6. 2 8. 1 4088 577 244 6074 5751 3435 54 1102 25565 
- C. L. 5. 5 7. 2 2386 247 145 4022 ! 1701 2147 36 814 20831 
I 
' & 
., 
234 153 I 4192 2479 I Median I f 6. 1 7. 3 2069 2233 35 248 18822 
J f +C.L. 6. 5 8.0 2534 266 I 345 i 5039 5529 2951 39 317 21834 
. 6. 7 1604 1515 30 179 15809 
- C . L . l 5 . 6 202 ! -40 3345 I -572 
l 
Median 7 . 7 
I 
8.2 1239 180 157 I 3866 I 2996 2195 , 29 · 177 13904 
+C.L . 8 . 1 8.5 1966 238 238 , 4748 I 4898 2910 35 232 16681 
I - C. L. I 7 . 2 7 . 8 511 121 76 I 2984 t 1093 1479 23 122 11126 I 
' 
j I l I 
' . 
I 
Median 7.9 8 . 3 11 70 170 17 1 37 12 6491 2965 31 237 13493 
+C . L. 8 . 2 8.6 1588 230 253 4748 13198 3830 42 31 7 16775 
i - C . L . 7 . 7 I 7 . 9 I 88 2677 -216 2100 20 158 10212 1 751 I 111 i I I I : I I ~ l I 
Upper 95% confidence limit -C. L. Lower 95% conf i dence limit 
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diagram of solutions for each site of the first two 
principal components, which together accounted for 66% of 
the total variation. The first component is derived mainly 
from n i tr o g e n , p h o s p ho r u s , p o ta s s i um , m a g n e s i um , z ·· c , 
manganese, and iron. The second component is made up o~ 
topsoil pH, subsoil pH and calcium concentration. 
The points representing the sites tend to 
fall in groups according to transects. Transects 1 and 2 
are confined mainly to the upper left half of the diagram, 
4 and 5 to the lower right half, and transect 3 is 
intermediate. Consequently it seems reasonable to consider 
the transects as different populations, and to use 
discriminant analysis to maximise differences between 
transects . Topsoil pH and subsoil pH were not transformed; 
potassium, magnesium and iron concentrations were 
transformed to square roots, and natural logarithmic 
transformation was used for the remainder of the variables. 
Despite tbese precautions, there was some heterogeneity in 
the variances of some variables, so, the results of 
discriminant analysis must be regarded as approximate only. 
Since there were five transects, four 
discriminant functions were required to account for all 
the variation. However, the first discriminant function, 
which represented 67% of the total variation, was the only 
one to vary consistently from east to west. The remaining 
functions, which accounted for 19%, 10% and 4% of the total 
variation, showed inconsistent and lesser variation between 
transects. On the basis of the first discriminant function 
Fig. 13 
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the transect centroids and approximate 95% confidence 
intervals were as follows: 
Transect 
Centroid 
Confidence interval 
1 2 3 4 
2.77 2 . 71 1 . 89 1.15 
0 . 51 0.40 0.38 0 . 46 
5 
1 . 07 
0.49 
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The vector coefficients of this discriminant 
function are listed below: 
top 
soil pH 
-2 . 29 
sub 
soil pH 
-0 . 58 
N P Na K Ca Mg Zn Mn Fe 
1.58 0.11 0 . 54 -1 . 39 0.33 0.33 -2 . 14 3 . 14 0.99 
Manganese was the most important variable in the funct i on, 
followed by topsoil pH and zinc. 
The solutions of this discriminant function, 
tallied and represented as frequency distributions, a r e 
shown in Figure 14. Difference between easte r n and western 
transects can be seen clearly . 
C. cristata varies in size and form across 
New ;Outh Wales and this variation is probably due mainly 
to water availab ility, but also corresponds to changes i n 
soil physical and chemical properties . Most of the changes 
in soil properties may themselves be related to water 
availability . 
The data do not indicate whether the 
differences are genotypic or simply due to environmental 
influence on individuals of a genetically homogeneous 
population. Glasshouse experiments might elucidate this; 
I· 
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however, it seems li~ely that some adaptation to the local 
environment would have occ urred. There is no sharp boundary 
separating two distinct populations - the variation appears 
to be more in the nature of a continuum. 
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6. EFFECTS OF SUBSTRATE pH 
6 . 1 Introduction 
An important chemical property of soil as a 
medium for plant growth is its pH value since the pH of 
soil affects the uptake of the twelve or more ions important 
in plant nutrition (Jackson, 1962). 
Soil pH is related to at least four other 
soil properties (Pearsal 1, 1952), namely 
(i) base status, 
(ii) water content 
(iii) soil metabolism 
(iv) vegetation. 
Ecologically four main phases may be recognised 
in soils ranging in pH from neutral to highly acid. Above 
about pH 6.5 are "base-saturated" soils with perhaps a 
"calcareous" .;;ub-class containing free Caco 3 . A second 
phase is important to agriculturalists, i.e. "lime-deficient" 
soils between pH 6 and pH 5. A third phase is the more 
acid soils called perhaps "base-deficient", between about 
pH 5 and 3.8, in which iron is becoming mobilized, but is 
still present as a principal base. The fourth phase is 
the most acid soils, called "hydrogen" soils, below 
pH 3.8 (Pearsall, 1952) . 
Effects of soil acid ity on nutrient availability 
may be Jesignated as specific or non-specific according to 
their nature. Perhaps the more important non-specific effects 
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are those associated with inhibition of root growth. 
Limited root penetration due to subsoil acidity would 
evidently limit uptake of nutrients (including water) from 
the subsoil . The effect on water availability is probably 
more important than that on nutrient availability in most 
instances (Black, 1968). 
Specific effects of soil acidity on plant 
growth may be attributable to: 
(a) a deficiency of soil calcium or magnesium 
(b) deficiency of nolybdenum caused by lowered availability 
(c) an excess of aluminium or manganese (and possibly 
nickel and chromium) 
(d) deficiency of available phosphate because of high anion 
exchange capacity produced by association of hydroxyl 
ions, liberated mainly from the sesquioxides and to a 
lesser extent from clay minerals (Bollard and Butler, 
1966). 
Many experiments have shown that the uptake 
of cations by plants is impaired by acidity of both soils 
and nutrient solutions (Black, 1968) . 
Black (ibid) reported that aluminium 
concentrations in displaced soil solutions of soils with pH 
v a 1 u es 1 es s than 5 are freq u en t 1 y i n t h.e range where 
aluminium toxicity occurs in culture solutions. There is 
evidence that the rates of organic matter breakdown and 
nitrogen mineralisation are lower at low pH than at higher 
pH. 
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The harmf ul effects of high alkalinity are 
usually due to tbe consequences of the alkalinity rather than 
to the hydroxyl ions themselves. The diff iculti es 
experienced by plants growing in alkaline soils to absorb 
enough iron, manganese, boron and perhaps other trace 
elements on the one hand, and phosphates on the other, 
arise not because the plant roots are incapable of absorbing 
these nutrients from alkaline solutions but because the 
nutrients are so insoluble the roots cannot bring enough of 
them into solution for their requirements (Russell, 1961). 
Cation exchange capacity is considered to vary with the 
pH value (Black, 1968). 
6.2 Design of pH experiment 
This experiment was inteneed to determine: 
(a) the effect of pH on the growth and nutrient uptake of 
seedlings of different species of Casuarina and 
differences between these species; 
( b) the effect of pH on nodu lation; 
( C) the effect of pH on nitrogen fixation; 
( d) the effect of nitrogen on nodulation; 
( e) the effect of inoculation on nodulation 
These aims require the provision of 
experimental conditions involving: 
( a ) different species of Casuarina; 
( b) different levels of nitrogen; 
( C ) different levels of pH; 
( d ) different levels of inoculation. 
(a) Different species of Casuarina 
Three species were selected for study, 
f. cristat , f. cunninghamiana and f. glauca, because of 
the range of habitats (and the range of soil pHs) which 
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they occupy . 
(Chapter 5). 
Their natural ranges are descr ibed elsewhere 
(b) Different levels of nitrogen 
The object of the experiment was to observe 
the effects of combined nitrogen, or lack of combined 
nitrogen. This object could be met by using two levels of 
nitrogen - combined nitrogen supplied or excluded. 
(c) Different levels of pH 
It was cons i dered desirable to investigate 
a range of pH which would cover the range normally found in 
soils. For this reason six pH levels were used : 
4, 5, 6, 7, 8, 9. 
As noted later (section 6.2 . 1) the nutrient 
solutions could not be maintained precisely at each of 
these pHs, but fluctuated about each pH. 
(d) Different l evels of inoculum 
Since the exper iment was intended only to 
indicate the effect of inoculation, nitrogen and pH on 
nodulation and nitrogen-fixation, only two levels of 
i no cu 1 at i on were used - 11 i no cu 1 ate d II and II not i no cu 1 ate d 11 • 
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Mowry ( 19 33) had reported that inocula from 
different species of Cas uari na were capable of producing 
nodules on a l l othe r specie s t ested. Bond (1957a) added 
weight to this c la i m by usi ng in ocula from four species in 
an experiment in vol ving f . c un ninghamiana. Thus it 
appeared that source of nodu le material was not of great 
importance, and nodules we r e co llected from the most 
readily available sou r ce - f . cunninghamiana growing 
naturally at Coppins Cross i ng, A.C.T. 
The three s pecie s , six pH levels, two nitrogen 
levels, and two inocul um le ve l s were combined factorially 
to produce seventy-two spe ci es - t reatment combinations. 
To reduce standard deviat i ons to a reasonable level, twenty-
seven seedlings were used per sp ecies-treatment. 
As desc rib ed in Appendix 3 each pot contained 
nine seedling s in three r ow s of three. Because of the 
anticipated effe c t of the se edli ngs on the pH of the 
nutrient solut i on, i t was con sidered desirable to grow 
three seedlings of each spec i es in each pot. Seedlings of 
each species we r e planted i n a row of holes, so that the 
roots of the diffe r ent s peci es could be kept separated by 
terylene voile pa r t i t i ons glu ed into the pot. The 
partitions preven t ed int er-t a ngling of the roots, which would 
otherwise be a so urc e of e rr or later in.harvesting, whilst 
allowing free movement of t he nutrient solution. 
The po ts wer e randomly arranged in nine 
blocks, eac h block conta ining one pot for each of the 
93. 
twenty-four treatments, and each pot containing three 
seedlings of each of tbe three species; this is a split-plot, 
randomised block design. 
6 . 2 . 1 Method of pH regulation 
The main constraints in the regulation of 
the pH of the nutrient solution were the need to minimise 
alteration to the nutrient status of the solution and the 
desirability of covering a large range of pH, to include 
most of the likely range of natural soil values. 
Two methods of pH regulation were considered: 
(a) use of a buffer system, 
(b) direct addition of acid or alkali. 
Wadleigh et al. (1937) made use of a 
phosphoric acid buffer system to control nutrient pH over 
a pH range of 3 to 8.2. However, the system ma i ntaining 
a pH of 8.2 contained a different concentration of total 
phosphate from the others. Excluding this, the buffers gave 
a range from 3 to 7 in which total phosphate was constant 
(although the form varied from H3Po 4;H 2Po4 to HPO;/PO~). 
Sheat et al. (1959) Jsed a similar phosphate 
buffer system, but relied entirely upon vary i ng 
HP0 4 : H2Po 4 ratio, using the formula: 
Na 2HP0 4 pH= pKa + log NaH PO 
2 4 
where Ka= second dissociation constant of orthophosphoric 
acid and hence pKa = 7.21. 
l 
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From this formula it can be seen that a ratio 
of 1:100 for Na 2HP0 4 : NaH 2Po 4 would be required to achieve 
a pH of about 5. If the plant absorbed HP04 more readily 
than H2Po4 the ratio would quickly alter (and hence the pH 
decrease) as a small uptake of HP04 might alter the ratio 
from 1:100 to 1:1,000. The reverse would apply for an 
alkaline pH . 
Also, as Sheat et al . . point out, the use of 
buffers introduces the complicatio n of their direct effect 
on growth and this is particu larly so with soluble phosphate 
buffers. 
Small-scale tests using nutrient solution 
instead of simply Na 2HP0 4/NaH 2Po 4 indicated that this 
system would be difficult to use and control in practice. 
Because of these disadvantages of using a 
buffer system to control pH, simple addition of acid or 
alkali was adopted . Tbis method was successfully employed 
by Arnon and Johnson (1942), who used H2so 4 to reduce pH 
and NaOH to raise pH over a pH range from 3 to 9. 
HCl was selected as the acid, NaOH as the 
alkali, because neither chlorine nor sodium are major plant 
nutrients. 
The addition of HCl to low pH treatments 
resulted in higher chloride concentrations in these pots. 
Sim ilarly high pH pots contained greater 
amounts of sod ium. Whilst this was undesirable it was 
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considered more acceptable than the disadvantages of a buffer 
system. 
Unfortunately raising the pH of the nutrient 
solution above 7 caused calcium phosphate to precipitate 
out. This could have beer avoided by greatly lowering the 
concentrations of calcium and phosphate; however, it was 
considered better not tc alter the composition of the 
nutrient solution . for. the following reasons: 
(a) the original composition of the nutrient solution was 
more or less standard, 
(b) phosphate is normally considerably less available at 
high pHs in soils, 
(c) It was impossible to continuously stir all of the 216 
pots involved in tbe experiment, so it was inevitable 
that the roots woald alter the pH of the solution in 
their immediate vicinity, and that the roots would thus 
have the opportunity to solubilize some of the 
.. 
precipitate, sufficient at least for normal growth. 
(d) If precipitation .is one of the effects of raising the 
pH of the nutrient solution, deliberately avoiding it 
would mask what happens in reality. 
The p8 values of the nutrient solutions in 
use changed fairly rapidly. Rates of change were greatest 
in solutions of high pH, and increased ~s the seedlings 
grew. All changes were towards pH 7. 
Initially the pH of each pot was measured 
every three to five days and solutions adjusted more or 
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less weekly. As t be pl ants grew, pH changes became more 
rapid and ad j ustment was ne ces sary every two days. Despite 
constant attent io n, fl uctuat ions were sometimes large. The 
nomina l pH of each t r eatmen t is therefore not a precise 
indication of the pH th r ou ghou t the experiment, but 
solutions were ad j usted as much as possible to keep pHs 
oscillating about tbe i ntended no minal value. For example, 
the actual mean pH of tbe pots which were intended to be a t 
pH 8 varied between 8 . 6 and 7.2. 
6.3 Effects of pH on growth 
pH of t he nut ri ent solution had a substantial 
effect on growth of seed lj ngs of each of the three species. 
The sjgnificance of tbe effect s of pH on shoot height, 
shoot weight, root length and root weight is shown in 
Table 11. 1 . The variati on for each species of shoot weight, 
root length and r oot we ig ht du e to pH is always very highly 
significant. The s i tuat i on i s . less clearly defined for 
shoot he i ght, but even so, pH is the most important factor 
for each species, ha vin g th e gr ea test mean sums of squares. 
The mea n va l ue s for each treatment for each 
of the above pa r amete rs are l isted in Tables 12 . 1 to 12.4 . 
The parts of these tab l es r e l eva nt to this section are 
represented gr aphica lly i n Figures 15.1 to 15 . 4 . 
The reason why s hoot height fa i led to 
demonstrate the ef f ect of pH a s cl early as did other 
parameters can be s een i n Fi g . 15.1. Shoot height varied 
Table 11.1 Significance from analys i s of variance of variation due to inoculation (I), pH, 
and inoculat i on x pH i nte r ac tion . Log 10 t r ansformed data used to satisfy hom
o-
geneity of variance. 
Combined ni t r ogen supp l ie d. 
Vari able 
Shoot he i ght 
Root 1 e ngth 
' 
Shoot weight 
Root weight 
not significant 
** significant at 1. 0% level 
So urce 
I 
pH 
I xpH 
I 
pH 
IxpH 
I 
pH 
IxpH 
I 
pH 
IxpH 
* 
*** 
C . cri s t a t a C. cunn i nghamiana 
-
*** 
-
-
*** 
-
-
*** 
-
-
*** 
- I 
' 
significant at 5 . 0% level 
significant at 0 .1% level 
•. 
* 
** 
-
-
*** 
-
-
*** 
-
-
*** 
-
C . gl a uca 
-
-
* 
-
*** 
-
-
*** 
-
-
*** 
-
I I 
I 
i 
I 
t 
I 
I 
w 
......... 
l 
Table 11 . 2 Significance from analysis of variance of variation due to inoculation (I), pH, 
and inoculation x pH interaction. Log 10 transformed data used to satisfy homo-
geneity of variance. 
** 
Combined nitrogen excluded 
Va ri able 
Shoot height 
Rao t 1 ength 
Shoot weight I 
Root we i ght I 
I 
' 
not significant 
significant at 1.0% level 
Source 
I 
pH 
IxpH 
I 
pH 
IxpH 
I 
pH 
IxpH 
I 
pH 
IxpH 
t 
I 
* 
*** 
C. cristata 
*** 
-
t 
* I -
I -* 
- I 
t 
I 
C. cunninghamiana 
* 
* 
* 
* 
* 
-
*** 
-
** 
-
significant at 5.0% l eve l 
significant at 0.1% l eve l 
C. glauca 
*** 
I -Ir 
i -* 
I 
*** 
* 
-
'-0 
00 
. 
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Table 12.1 Mean shoot height expressed as real values 
(mm) and percent of maximum in that species/ 
nitrogen series 
pH n i cristata cunninghamiana glauca 
4 + + 188.5 72% 226.9 92% 519.9 87% 
5 + + 222.3 86% 233.2 95% 539.3 90% 
6 + + 242.1 93% 246.8 100% 565.9 95% 
7 + + 240.9 93% 235.0 95% 597.9 100% 
8 + + 233.0 90% 229.4 93% 5 31. 1 89% 
9 + + 222 .2 85% 222.1 90% 503.4 84% 
4 + 200.6 77% 188.7 76% 558 4 93% 
5 + 203.1 7 8% 218.5 89% 550.4 92% 
6 + 224.0 86% 24 2. 7. 98% 567.0 95% 
7 + 260.0 100% 239.6 97% 559.8 94% 
8 + 251.6 97% 207.5 84% 554.6 93% 
9 + 218.9 84% 211.7 86% 532 . 2 89% 
diff sig 5% 18.6 7% 22.7 9% 25 . 4 4% 
4 + 113. 1 91% 81.1 70% 160.6 70% 
5 + 117.7 94% 84.1 73% 187.0 82% 
6 + 116.9 94% 98.0 85% 228.0 100% 
7 + 115.9 93% 109.7 95% 221.9 97% 
8 + 117. 1 94% 116.0 100% 219.9 96% 
9 + 119.4 96% 108.9 94% 215 . 6 94% 
4 101.0 81% 75.6 65% 170.3 75% 
5 107.5 86% 83.0 72% 186.3 82% 
6 115.0 92% 77.3 67% 178.4 78% 
7 114.6 92% 84.2 73% 183 . 0 80% 
8 109.9 88% 87.1 75% 176.5 77% 
9 124.9 100% 88.7 77% 187 . 2 82% 
di ff sig 5% 10.6 8% 9.6 8% 12 . 8 6% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate 
guide to significance 
Table 12.2 
pH n i 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
diff sig 5% 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
diff sig 5% 
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Mean root length expressed as real values (mm) 
and percent of maximum in that spec ies / 
nitrogen series 
cristata . cunninghamiana glauca 
549 . 3 58% 225.1 55% 299 . 2 74% 
668 . 9 70% · 258 .6 64% 312 GO 77% 
735.0 77% 344.2 85% 308 . 5 76% 
849.7 89% 387.2 95% 403 . 8 100% 
922.8 97% 402.2 99% 355 . 4 88% 
926.6 97% 400 .7 99% 389.6 96% 
620 .1 65% 222 .5 55% 308.5 76% 
682.2 72% 294.1 72% 300 . 6 74% 
745.3 78% 332.7 82% 362.9 90% 
881.2 93% 406.2 100% 381.0 94% 
884 . 7 93% 371.0 91% 359.2 89% 
952.4 100% 372.2 92% 363.4 90% 
63 . 6 7% 32.0 8% 30 . 4 8% 
762.6 69% 270.5 68% 368.1 92% 
1005.4 91% 272.2 68% 356.7 89% 
989 . 9 89% 307~1 77% 371 . 0 93% 
971.0 88% 323.9 81% 361.0 90% 
1014 . 7 92% 396.2 99% 376.2 94% 
1007.7 91% 362 . 9 91% 373 . 2 93% 
803.9 73% 272.1 68% 397.3 100% 
927.5 84% 316.0 79% 352 . 7 88% 
1078.8 97% 371.0 93% 375 . 6 94% 
1107.7 100% 400.1 100% 374 . 4 94% 
1074 . 3 97% 377.5 94% 369 . 3 92% 
1107.2 100% 355 . 2 89% 346.9 87% 
101.7. 9% 36.2 9% 35 . 6 9% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate 
guide to significance 
I 
. 
Table 12.3 
pH n 1 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
diff sig 5% 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
diff sig 5% 
101 . 
Mean shoot weight expressed as rea values (mg) 
and percent of maximum in that species/ 
nitrogen series 
cristata cunninghamiana glauca 
727.1 73% 2037.1 91% 3206.8 80% 
818.9 82% 2227.5 100% 3458.1 86% 
918 .3 92% 2084.8 94% 3797.4 94% 
908 .0 91% 1891.3 85% 4020.4 100% 
672 06 68% 1465.3 66% 2970.9 74% 
478 .8 48% 985e2 44% 2501.2 62% 
735.7 74% 1760.3 79% 3667.1 91% 
845.1 85% 2204.1 99% 3357.4 84% 
822 .6 83% 2156.5 97% 4009 . 9 100% 
992.8 100% 1962.6 88% 3604.6 90% 
828 .4 83% 1245.6 56% 3225 . 2 80% 
433 .4 44% 1012.7 45% 2777.6 69% 
153.9 16% 270.5 12% 377.0 9% 
78.7 72% 101.7 43% 113.6 51% 
90 .3 82% 107.7 45% 164 . 4 74% 
103.5 95% 171.6 72% 213.1 96% 
94 . 8 86% 227.9 95% 196 . 7 88% 
90.0 82% 239.3 100% 223.1 100% 
89.5 82% 209.4 87% 212.9 93% 
64.8 59% 100.5 42% 116.7 55% 
93.8 85% 115.5 48% 158 . 6 71% 
104.3 95% 102.9 43% 154 . 7 70% 
90.2 82% 97.5 41% 141.5 64% 
81 . 6 75% 121. 1 51% 150 . 2 67% 
109.6 100% 130.7 55% 151 . 2 68% 
19.3 18% 25.8 11% 24 . 8 11% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as· an approximate 
guide to significance 
r 
Table 12.4 
pH n i 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
diff sig 5% 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
diff sig 5% 
102. 
Mean root weight expressed as real values (mg) 
and percent of maximum in that species/ 
nitrogen series 
cristata cunninghamiana glauca 
336.8 63% 71406 76% 901.6 64% 
42407 80% 84701 90% 1087.4 77% 
484.1 91% 904.6 96% 1420.1 100% 
48501 91% 807.9 86% 1361.9 96% 
368.4 69% 61604 66% 894.1 63% 
28lo2 53% 443.1 47% 729.6 51% 
317 0 1 60% 624.3 66% 962 .1 68% 
397.3 75% 838 06 89% 1135.9 80% 
443.6 83.% 938.6 100% 130605 92% 
53108 100% 83lo4 89% 1156.9 81% 
416.0 78% 548.2 58% 930.9 66% 
250 00 47% 445.8 48% 774.4 55% 
82 o2 15% 10600 11% 133.9 9% 
87 00 60% 99.7 65% 10903 67% 
103.5 71% 9306 61% 151.3 93% 
11607 80% 10401 68% 147.7 91% 
14505 100% 122.3 80% 14403 89% 
104.3 71% 152.6 100% 16107 100% 
.105.0 72% 144.5 95% 156.0 95% 
76.9 53% 98 .-4 64% 109 ",O 69% 
102 . 6 71% 113.1 74% 132.4 81% 
115.9 79% - 105.8 69% 138.3 85% 
97.8 67% 103.0 67% 125.2 77% 
8806 61% 116.3 76% 116~3 72% 
114 . 4 78% 114 . 2 75% 124.3 77% 
23 . 3 16% 20.2 13% 18.8 12% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate 
guide to significance 
t 
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Fig. 15 .1 Mean shoot height expressed as percentage of 
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relatively little with changes in pH, whilst variation 
within treatments, and consequently minimum significant 
differences, were relatively greato Nevertheless, a pH 
of 6 to 7 appears to favour height growth of seedlings 
of each species. 
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Shoot weight indicates better the effect of 
pH on seedling growth. For both C. glauca and f. cristata 
maximum shoot dry matter production occurred at pH 6 to 70 
For fo cunninghamiana shoot weight was greatest at pH 5. 
However, minimum differences for significance were again 
large relative to the differences between treatments, with 
the result that only treatments at pH 8 and 9 differed 
significantly from the optimum treatment inf. glauca and 
f. cunninghamiana, whilst only treatments at pH 9 were 
significantly different from the optimum treatment in 
C. cristatao 
In contrast to the shoot parameters, root 
length (Figo l5o2) increased as pH increased throughout 
the range of pH usedo This occurred for each species, 
although it was less pronounced in C. glauca, and may be 
ecologically importanto Co cristata occurs in areas of low 
rainfall on soils of high pH; the enhancing effect of high 
pH on root elongation would assist the species in exploiting 
the available soil volume for moisture.· On the other hand 
f. glauca would be much less handicapped by reduced root 
growth (due to its occurrence on sites of high moisture and 
nutrient status), so low soil pH would not be a great 
disadvantage o 
I· 
Root weight, however, followed the same trend 
as was found for shoot height and weight - root weight 
production was significantly depressed at low and high 
solution pH values for each species. 
The effects of pH on height growth and shoot 
and root dry matter production were very similar, showing 
depression of growth at both low and high solution pH . 
values. Thus there is some general similarity of effect 
for different parameters although few differences were 
statically significant. 
Kitamura et al o (1965) reported a similar 
optimum growth of~- eguisetifolia - the optimum pH value 
being 6, and the optimum range of pH 4-6. 
These results are interesting when compared 
with the pH ranges of the soils on which these species 
naturally occur (see Section 5.6). 
There is clearly discrepancy between the 
apparent physiological optimum pH range for each species 
and the actual edapbic pH range within which the species 
occurs ~ This is not altogether surprising, because as 
Ellenberg (1954) points out, competition may force a 
species to grow outside its optimum range and in fact the r e 
are many species which do not grow in conditions which are 
favourable to them from the point of view of physiology . 
Although in nutrient culture Casuarina glauca grows best at 
pH 6 to 7, there must be other edaphic or biotic influences 
which limit it to situations where the soil is relatively 
acidic . 
I. 
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Similarly other factors cause C. cristata to 
occur on soils predominantly more alkaline than is optimal 
in nutrient culture. Greater root growth at higher soil 
pH values may contribute to this, but some unrelated factor 
may be operating. 
Ellenberg (1952) conducted an experiment which 
demonstrated the modifying effect of competition on the 
optimum soil pH of three pasture weed specieso When each 
species was grown in pure culture it showed a particular 
optimum pH range, although all species grew well over the 
whole range of pH used (3 to 8). When two species were 
grown together in mixed cultures, pH for optimum yield of 
each of the species differed from that in pure culture, and 
differed according to the competing species. 
Although the presen-t experiment involving 
three species of Casuarina was designed with seedlings of 
each species in each pot, there was little competition 
between the species in each treatment (as in Ellenberg's 
work) because pots were randomly arranged, and two of the 
three rows of seedlings in each pot were adjacent to a row 
of seedlings in the neighbouring potso In addition, 
competition between species was minimal due to the distance 
between seedlings and physical separation of the roots. 
Had the Casuarina species been grown in 
combination in an experiment similar to that of Ellenberg, 
it is possible that the results would have been quite 
different . For instance, if C. cristata and Co glauca 
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were grown together, f. cristata may dominate at high pHs 
and f. glauca at low pHs, although their optima in pure 
culture coincide at pH 6 to 7. 
In addition to influencing size of seedlings 
(as measured by dimensions and weight), nutrient solution 
pH also affected other physical properties of the seedlings -
shoot/root ratio and "bushiness" (length/weight) ratio. 
Tables 13.1-13.4 list these ratios, expressed as quotients. 
In the combined-nitrogen suppljed series, 
the quotient shoot l~ngth/root length decreased with 
increasing pH dije to the increase in root length as pH 
increased~ These quotients ranges from 1.3-1.9 inf. glauca, 
0.6-1 ~0 inf .. cunninghamiana, and 0.2-0 .4 in C • . cristata. 
The very great difference between f. glauca and f. cristata, 
and tbe intermediacy off. cunninghamiana, no doubt reflect 
the d_ifferent types of habitat normally occupied by each 
species o fo g]auca occurs in habitats where water stress 
would rarely, if ever, occur~ f. cristata, on the other 
hand, occurs in areas with small and unreliable rainfall 
which would favour survival of a species with a low shoot 
length/root length quotient. C. cunninghamiana normally 
occurs in habitats where water permanency .may be less 
reliable than under f. glauca, and the water table is more 
likely to be at greater depth. 
The quotient shoot weight/root weight shows 
less substantial differences between species ~ f. glauca 
again had larger values than the other species, but the 
r 
Table 13.1 
pH n i 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
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Mean quotient - Shoot length divided by root 
length expressed as real value and percentage 
of maximum 
cristata cunninghamiana glauca 
Oo36 100% 1.04 100% 1.85 96% 
0.34 94% Oo94 90% 1.86 96% 
0.34 94% 0.77 74% 1.86 96% 
0.29 81% 0.65 62% 1.59 82% 
0.26 71% 0.60 58% 1.57 81% 
0.25 68% 0.61 59% 1.32 68% 
0.34 93% 0.89 86% 1.87 96% 
0 0 3 1 84% 0 .. 78 75% 1.94 100% 
0.32 88% Oo76 72% 1.63 84% 
0.30 83% 0.62 59% 1.53 79% 
0.29 79% 0.60 57% 1.60 83% 
0.23 64% 0.61 58% 1.59 82% 
Ool6 100% 0.31 85% 0.46 70% 
0.13 80% 0 .. 33 90% 0.54 82% 
0.12 75% 0.35 94% 0.64 98% 
0. 12 76% 0.37 100% 0.66 100% 
0.12 72% 0.30 83% 0.63 97% 
0.13 78% 0.32 87% 0.60 91% 
0.14 87% 0.29 80% 0.44 67% 
0 .) 2 76% 0.29 78% 0.56 86% 
0 0 11 68% 0.22 60% 0.49 75% 
0. 11 64% 0.22 61% Oo51 78% 
0.11 68% 0.25 67% 0 .. 51 78% 
0.12 71% 0.26 72% 0.56 85% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
Table 13o2 
pH n i 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
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Mean quotient - Shoot weight divided by root 
weight expressed as real value and percentage 
of maximum 
cristata cunninghamiana glauca 
2o14 89% 2.85 98% 3.65 91% 
1.94 81% 2o64 91% 3.28 82% 
lo96 82% 2o31 79% 2o73 68% 
1.96 82% 2.33 80% 2o99 75% 
lo83 77% 2o37 81% 3.36 84% 
1.68 70% 2 o25 77% 3.42 85% 
2o39 100% 2.92 100% 4o02 100% 
2 o16 90% 2o65 91% 3. 11 77% 
1.92 80% 2o29 79% 3.21 80% 
2 o09 87% 2.37 81% 3.21 80% 
2o'Q5 86% 2o29 78% 3o51 87% 
1.68 70% 2 o26 77% 3.59 89% 
0.88 86% lo0l 54% 1.04 71% 
0 o89 87% 1.17 62% lol0 75% 
0o84 82% 1.75 93% lo46 100% 
0.80 78% 1.89 100% 1.39 95% 
0 o83 81% lo60 85% 1.37 94% 
0o85 83% 1.44 76% 1.36 91% 
0 <>83 81% lo0l 54% lo07 75% 
0 o90 88% 1.03 55% lo20 82% 
0 o90 89% 0.99 53% 1.12 77% 
0.90 88% 0.95 51% 1013 77% 
1.02 100% 1.07 57% 1.29 89% 
0 o94 92% 1015 61% 1.22 84% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
I. 
Table 13.3 
pH n i 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
Mean quotient - Shoot length divided by shoot 
weight expressed as real value and percentage 
of maximum 
cristata cunninghamiana glauca 
35 50% 12 47% 17 72% 
32 46% 12 48% 16 68% 
33 47% 12 49% 16 66% 
33 48% 14 55% 16 64% 
44 63% 18 70% 19 78% 
61 88% 25 100% 24 100% 
41 60% 12 46% 16 68% 
31 45% 11 43% 17 70% 
35 50% 12 48% 15 61% 
32 47% 13 50% 16 68% 
34 49% 18 72% 18 75% 
70 100% 23 92% 21 88% 
170 91% 90 95% 154 100% 
142 76% 92 97% 126 81% 
152 82% 66 69% 115 75% 
153 82% 54 56% 123 79% 
186 100% 52 55% 108 70% 
158 85% 60 63% 116 77% 
182 98% 86 90% 156 98% 
135 72% 85 90% 131 85% 
140 75% 87 92% 124 80% 
141 76% 95 100% 140 91% 
180 97% 82 87% 127 82% 
148 79% 71 75% 135 87% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
Table 13.4 
pH n . , 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
110 . 
Mean quotient - Root length divided by root 
weight expressed as real value and percentage 
of maximum 
cristata cunninghamiana glauca 
201 41% 35 31% 37 55% 
182 37% 34 31% 30 45% 
188 38% 42 37% 24 36% 
230 47% 54 48% 32 47% 
302 61% 79 71% 43 63% 
408 83% 112 100% 67 100% 
250 51% 41 37% 38 57% 
214 43% 39 35% 30 44% 
215 44% 38 34% 30 45% 
207 42% 53 47% 37 55% 
245 50% 77 69% 41 60% 
493 100% 98 88% 52 78% 
1014 63% 309 71% 366 96% 
1073 66% 3£9 85% 265 69% 
1046 65% 343 79% 265 69% 
1042 64% 312 72% 278 73% 
1248 77% 290 66% 250 65% 
1116 69% 301 69% 273 72% 
1155 71% 333 76% 387 100% 
1046 65% 322 74% 300 78% 
1144 71% 403 92% 292 76% 
1263 78% 436 100% 326 85% 
1617 100% 404 93% 335 87% 
1232 76% 340 78% 310 81% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not sup~lied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
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values for£, cunninghamiana were only slightly greater 
than those for £c cristata, indicating the difference in 
length quotients was due more to different distribution of 
a given amount of dry tissue than to a greater relative 
amount of root tissue in C. cristatao 
The quotient shoot Jength/shoot weight was 
relatively constant in all species from pH 4 to pH 7, and 
increased from pH 7 to pH 9. At pH 8~9 the shoots were 
less "bushy" than at lower pHs<> The quotient for £0 cristata 
(30-70) was much greater than the other two species (11-25 
r and 15-24 for C. cunninghamiana and £. glauca respectively) o 
This again is probably an adaptation to the availability of 
water in their respective normal habitats. £0 glauca and 
£0 cunninghamiana which normally have ample water available, 
have much more bushy shoots than£. cristata, which would 
need to conserve water in its natural location o 
The corresponding quotients for roots - root 
length/root weight - showed a basically similar trend with 
pH, but were more sensitive to different solution pH values 
(range being 60-70% of the maximum value, compared with 
40-55% in the shoots) o Again the values were gr.eater in 
Co cristata (200-500), with £0 glauca (24-70) having smaller 
values tban £~ cunninghamiana (35-110). The large values 
for C~ cristata indicate that although the roots were very 
long, they represented a relatively small amount of organic 
matter ~ In contrast the roots of C. glauca were short but 
densely branched and very bushy. 
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6.4 Effects of pH on nodule formation 
The effects of pH on nodulation were consistent 
and pronounced ~ In Table 14 data are given of the mean number 
of nodules formed in each treatment, and the results are 
represented graphically in Figures 16ol and 1602. Some 
nodulation occurred on uninoculated seedlings - presumably 
because of accidental cross-inoculation from inoculated 
seedlings during the frequent changes of nutrient solution 
and removal of samples of solution for pH determinationo 
Nodule formation was reduced when adequate 
combined nitrogen was supplied (Table 14)o This was most 
marked io C. cristata where there was virtually no nodule 
formation in treatments with combined nitrogen supplied, 
but also occurred for both the other specieso Other workers 
have reported similar observations on Casuarina and other 
genera (Bond, 1963)0 
Pizelle (1965) reported that supply of 2o5 
moe o/litr.e of nitrate resulted in considerable reduction in 
nodulation on Alnus glutinosa o MacConnel and Bond (1957) 
showed that the effect of a given level of combined nitrogen 
on nodulation in Alnus depends on the nitrogen statu£ of the 
~ 
plant at the time of inoculation, the adverse effect tending 
to be stronger if the plant is initially relatively rich in 
nitrogen o 
Low pH strongly inhibited nodulation in each 
species . At pH 4 almost no nodules formed, whilst at pH 5 
nodulation was still considerably reducedo Nodulation was 
Ta bl e 14 
pH N I 
4 + + 
5 + + 
6 + + 
7 + + 
8 + + 
9 + + 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
diff s i g 5% 
4 + 
5 + 
6 + 
7 + 
8 + 
9 + 
4 
5 
6 
7 
8 
9 
diff sig 5% 
113. 
Mean number of nodules formed on ea ch seedling 
expressed as actual number and percent of 
maximum in that species/ nitrogen series o 
eris ta ta cunninghamiana glauca 
1 0 6 6% 3o4 8% 
605 23% 18o2 40% 
2804 100% 45 06 100% 
20.4 72% 41.0 90% 
22.0 77% 31 . 8 70% 
8 07 31% 1908 43% 
0.0 0·% OoO 0% 
0.0 0% 0.0 0% 
OoO 0% 0. 1 0% 
OoO 0% 0.3 1% 
OoO 0% 0 00 0% 
OoO 0% 0. 1 0% 
2 0 3 8% 300 7% 
0 . 0 0% 0.1 0% 0 .1 0% 
4.4 5% 9.3 9% 34 .0 18% 
87 . 0 100% 87 .3 87% 192.7 100% 
82 . 3 95% 100.0 100% 170 .4 - 88% 
70 . 7 81% 82 . 0 82% 177.4 92% 
30.4 35% 72 .5 72% 119.4 60% 
0.0 0% 0.0 0% 0.0 0% 
0 . 5 1% lo7 2% 5.6 3% 
Oo3 0% 1.6 2% 2.9 1% 
Oo3 0% 3 0 1 3% 2.0 1% 
1 . 7 2% 6 06 7% 3.9 2% 
0 . 9 1% 2 o2 2% 6 .3 3% 
7 00 8% 6 .9 7% 13.6 7% 
pH= pH of culture solution 
n = combined nitrogen supplied (+) or not supplied (-) 
i = seedlings inoculated (+) or not inoculated (-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate guide 
to significance 
I· 
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Fig. 16.1 Mean number of nodules expressed as percentage 
of maximum. 
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greatest in the pH range 6 to 7, and was significantly 
reduced at pH 90 
effect 
little 
at pH 
at pH 
Bond (1957) 
of pH on nodulation 
nodulation at pH 4 
values of 6 and 7 0 
7 than at pH 6 0 
reported similar results for the 
on£. cunninghamiana, with very 
to 5, but substantial nodulation 
Nodulation was slightly greater 
The effect of pH was similar on each of the 
three species testedo It should be remembered that one 
inoculum source was used for all inoculation on the premise 
(supported by previous workers on Casuarina) that source 
of inoculum was unimportanto If, however, different types 
of nodule organism exist, it is probable that they exhibit 
different pH optima o This would seem likely in view of 
the great difference between the natural edaphic pH range 
of £ 0 glauca and the acceptable pH range for the nodule 
organism used in this experimento 
Very little nodulation occurred at pH 5 or 
less, yet 61% of the field study sites for C~ glau ca 
had su rface soil pH values of less than 50 
The average pH of soil is not necessarily 
the relevant value; plant roots change the pH in their 
immed i ate surroundings and considerable micro scale 
diversity in soil pH may occur naturally o Conceivably 
nod·u1e organ isms exist in soils of low pH in a resistant 
resting stage until the pH of the surrounding soil is ra i s ed 
. 
by a nearby root. 
605 Effects of pH on nitrogen fixation 
The results shown in Tables llo2, 12.1, 
12.3 and 12.4 indicate that the plants grown without 
combined nitrogen received benefit through nitrogen 
fixation. However, there was no evidence that plants 
grown in solutions with combined nitrogen supplied received 
additional nitrogen from nodules formed on them (Tables 
11.1, 12.1, 1203, 12.4)0 
It has been shown (section 6.4) that the 
supply of combined nitrogen inhibits nodule formation on 
Casuarina, Alnus and Myrica~ However, plants of Alnus 
and Myrica already nodulated continued to fix free nitrogen 
concurrently with the uptake of combined nitrogen when 
the latter was supplied in the rooting medium in amounts 
unlikely to be exceeded in the field (Bond, 1955). In 
Alnus glutinosa and Myrica gale, at high concentrations of 
ammonium, in excess of the plant's requirements, fixation 
per plant was still comparable to that in nitrogen-free 
solution, but now represented only 24% to ' 45% of the total 
nitrogen accumulated by the plants (Stewart and Bond, 1961) . 
In contrast, Rodriguez-Barrueco et al. (1970) found that 
fixation of nitrogen decreased continuously in Casuarina 
cunninghamiana as the level of ammonium-nitrogen was 
increasedo Nodule growth was strongly retarded at high 
concentrations of ammoniume · Benecke (1970) also reported 
that even small concentrations of nitrate-nitrogen 
suppressed nitrogen fixation and nodule growth in Alnus 
viridise 
Because nitrogen-fixation is negligible in 
treatments supplied with combined nitrogen, these treatments 
have been omitted from discussion in this sectiono 
Nodular nitrogen-fixation resulted in 
increased growth (increased shoot height, shoot weight and 
root weight, but not increased root length) (Tables 12.1-12.4, 
Figures l7 ol-17.4)o Growth increases were indicated most 
clearly by shoot weight and shoot height, mean shoot weight 
of inoculated seedlings of ~o cunninghamiana at pH 8 being 
approximately double that of the corresponding uninoculated 
seedlings. This is a striking difference considering 
harvesting occurred only three weeks after the first colour 
differences due to nitrogen fixation were detectable in 
nodulated plants. 
In addition to increasing seedling growth, 
nodular nitrogen-fixat ion resulted in changes in shoot/root 
ratios and shoot 'bushiness' o Seedlings grown without 
combined nitrogen had lesser shoot/root ratios (on the basis 
of length and weight) and higher shoot and root length/weight 
ratioso Differences in length/weight ratios were particularly 
marked ~ The ecological advantages of these effects are 
clear; decreased shoot/root ratios indicate root growth was 
favoured at the · expense of shoot growth, enabling the 
seedlings to penetrate maximum volumes of soil perhaps in 
quest of a source of nitrogen, at the same time maximising 
the length of root available to infection by nodule organism s. 
Roots and shoots were also much less bushy in the series 
without combined nitrogeno 
I 
· I· 
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The effect of nitrogen-fixation was to 
return the shoot/root ratios and also shoot bushiness 
towards the ranges normally occurring when nitrogen was 
supplied. 
Simultaneously with increasing component 
weights in nodulated seedlings, nitrogen concentration 
in the tissues also incr eased (Tables 18.1 and 1901 and 
Figures 2l ol and 22ol). Thu s the amount of nitrogen per 
seedling was considerably increased (Tables 20 and 21). 
Amounts of nitr ogen apparently fixed by the nodules are 
shown in Table 15; these were ca lculated by subtracting 
the mean nitrogen content per uninoculated seedling for 
each species from the mean nitrogen content per seedling 
for each inoculated treatment for that species. 
Table 15 
pH 
4 
5 
6 
7 
8 
9 
Amount of nitrogen (micrograms) fixed per 
inoculated seedling in nutrient solution 
without combined nitrogen. 
cristata 
0 
332 
589 
1465 
358 
92 
cunninghamiana 
0 
714 
3421 
5836 
6223 
5090 
glauca 
0 
1302 
3944 
4225 
4861 
3791 
117. 
118. · 
The results listed in Table 15 strongly 
suggest that atmospheric nitrogen was fixed in C. cristata 
in addition to the other two specieso This is due to 
accumulation of nitrogen in the roots of C. cristata 
although there was little increase in the nitrogen contents 
of the shoots (Tables 18.1 and 20). Overall, nitrogen 
fixation in Co cristata was not statistically significant. 
There is a clear tendency for nitrogen 
fixation to be negligible at pH 4, slight at pH 5, and very 
much greater from pH 6 to 9 9 with a maximum at about pH 7 
to 8. This does not necessarily reflect the effect of pH 
on nitrogen fixation, since it may be due primarily to 
differences in the number of nodules formedo 
When comparisons are made between number of 
nodules and nitrogen fixed per seedling (Figure 18), the 
curves for nodule number and amount of nitrogen fixed are 
strikingly similar, particularly in C. cunninghamiana and 
C~ glauca (it should be remembered that nitrogen fixation 
in C. cristata was not significant anyway). Calculation of 
the coefficient of correlation of the linear regression 
number of nodules against amount of nitrogen fixed shows a 
highly significant correlation (1% level) in both 
~- cunninghamiana and~. glauca (r=0.92 and 0 . 95 
respectively) o Hence the apparent effect of pH on nitrogen 
fixation can be explained by the effect of pH on nodulation; 
there is no evidence that pH, within the range tested, 
substantially influences the rate of nitrogen fixation 
within a root nodule o 
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6.6 Effects of pH, nitrogen supply and species on 
nutrient uptake 
The pH of the nutrient solutions strongly 
influenced the uptake of most nutrient elements. In 
general the concentrations of plant nutrients in the roots 
were generally more sensitive to differences in pH of the 
culture solutions, but both shoots and roots yielded 
interesting informationo 
Due to their small size, nine seedlings were 
combined into one sample for analysis, and consequently 
there were only three samples per treatment. Because of 
this, variance within treatments was very variable and 
variances between treatments were significantly 
heterofedastic . This precludes use of statistical 
treatments which rely on pooled variances, including "least 
significant difference" and similar simple criteria for 
determin ing which samples are significantly different. 
Consequently the results are presented as mean values with 
± 95% confidence limits given as a guide to the significance 
of the results. 
Homogeneity of variance is an important 
assumption for analysis of variance. If the evidence 
indicates that the assumptions for an analysis of variance 
cannot be maintained, a different test, not requiring the 
rejected assumptions, such as the distribution free tests, 
may be used (Sokal and Rohlf, 1969). 
An alternative test, based on that of · 
Snedecor (1956), as described by Sokal and Rohlf (1969) 
ppo372 and 376, was used in this case. This method differs 
from an ordinary single classification analysis of variance 
in that the means are weighted according to the reciprocal 
of the variance of the sample from which they were taken, 
and a special error mean square must be used to take the 
weighting into account. This test will be referred to as 
11 Eekmean 11 , which is the name of the computer programme 
used for the calculationso As this is only a single 
classification test, its value is restricted in the 
present analysis, where two sets of treatments (pH and 
inoculation) were factorially combinedo Because of this 
the test has been applied at two levels, first including 
results at all pH values of nutrient solutions and both 
levels of inoculation, and secondly testing the two levels 
of inoculation separ.atelyo The results of these tests are 
shown in Tables 16.1-16040 
Whilst homogeneity of variance is an 
underlying assumption of analysis of variance, the F test 
is not seriously invalidated by moderate amounts of 
variance heterogeneityo Effects which are significant at 
the 1% level can still be assumed to be significant unless 
the variance heterogeneity is very grea t_o Effects which 
are significant at the 1% level can still be assumed to be 
significant unless the variance heterogeneity is very 
great. Effects which are significant at the 5% level may, 
however, become marginal (Duckworth, 1968)0 
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Table 16.1 Significance of effects of treatment (pH, 
inoculation~ pH x inoculation interaction) 
on nutrient concentrations as assessed by 
Eekmean 
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
* 
** 
*** 
cri 
cun 
gla 
Combined nitrogen supplied 
Shoots 
cri cun gla 
*** ** *** 
-
* -
*** *** *** 
* *** * 
*** *** -
* *** *** 
* *** *** 
*** ** ** 
*** * * 
not significant 
significant at 5 o0% level 
1.0% 
0.1% 
C. cristata 
C. cunninghamiana 
Co glauca 
cri 
* 
** 
*** 
** 
*** 
** 
-
*** 
*** 
Roa ts 
cun gla 
*** *** 
*** *** 
*** *** 
-
*** 
*** *** 
*** *** 
- -
*** *** 
*** *** 
N 
p 
Na 
K 
Ca 
Mg 
Zn 
: Mn I 
Fe 
* 
** 
*** 
cri 
cun 
gla 
Significance of effects of treatment (pH, 
inoculation, pH x inocula ti on interact i on) 
on nutrient concentrations as assessed by 
Eekmean 
Combined nitrogen excluded 
Shoots 
cri cun gla 
*** *** *** 
*** *** *** 
*** ** *** 
** *** *** 
*** *** *** 
- ** ** 
-
* * 
*** *** *** 
** * ** 
not sign i f ic an t 
significant at 500% l evel 
C. cristata 
Co cunn i ngham i ana 
Co glauca 
C ri 
*** 
*** 
*** 
** * 
*** 
l *** 
-
* 
*** 
Roo ts 
cun gla 
*** *** 
*** *** 
*** *** 
** *** 
*** *** 
*** *** 
-
*** 
*** *** 
*** *** 
Tab l e 16 .3 Significance of effects of treatment (pH) 
on nutrient concentrations as assessed by 
Eekmean 
Combined nitrogen supplied 
Shoots 
cri cun gla 
Inocu l um + - + - + -
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
* 
** 
*** 
cri 
cun 
gl a 
** ** - - ** ** 
- - -
* - -
** *** **'* *** ** *** 
- * *** ** - -
*** ** ** * - -
* - *** * *** ** 
- - ** - ** ** 
** ** ** - * * 
* *** * - * -
not significant 
significant at 5. 0% level 
l o0% 
Dal% 
C. cristata 
Co cunninghamiana 
Co glauca 
C ri 
+ -
-
* 
* ** 
** *** 
* ** 
* *** 
* ** 
... 
- -
*** *** 
r*** *** 
Roots 
cun gla 
+ - + -
*** *** *** * 
** *** - ** 
* ** ** ** 
- -
* ** 
** * ** *** 
** *** *** ** 
- - - -
** ** *** ** * 
** *** ** *** 
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Table 16.4 Significance of effects of treatment (pH) 
on nutrient concentrations as assessed by 
Eekmean 
Combined nitrogen excluded 
Shoots 
cri cun gla C ri 
Inoculum + - + - + - + -
N 
p 
Na 
K 
Ca 
Mg 
Zn 
Mn 
Fe 
* 
** 
*** 
cri 
cun 
gla 
' 
*** ** *** * ** ** *** 
*** *** ** *** *** *** ** 
* ** * * ** ** ** 
- ** ** *** *·* * ** *** 
** * ** *** ** * *** 
I 
- - ** * ** * I*** 
- - * - - * 
** *** ** *** *** *** 
- ** - - - ** 
I 
not significant 
significant at 5 . 0% level 
1.0% 
0 .1% 
C. cristata 
C. cunninghamiana 
C. glauca 
I 
-
* 
*** 
I 
* 
** 
** 
** 
*** 
*** 
-
-
*** 
Roots 
cun gla 
+ - + -
. 
*** ** *** ** 
** *** ** ** 
*** *** ** *** 
- ** * *** l 
*** *** *** *** 
*** *** *** *** . 
I 
- -
i*** * I 
*** ** 1*** *** 
*** 
*** !*** *** 
f 
I 
! 
! 
Fig. 19.1 
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percentage of maximum. 
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95% confidence limits. 
Fig . 19. 2 
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Mean shoot phosphorus concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig. 19.J Mean shoot sodium concen t rat i on expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig. 19.4 
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Mean shoot potassium concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig . 19.5 Mean shoot calcium concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
% 
100 
-
--80 
60 
40 
20 c. glauca 
O.,._ _________________________ _,..pH 
100 
--
80 
60 
40 
2 0 C. cunninghamiana 
0-------------------------...----..-....-pH 
100 
-
8 0 
-
60 
40 
2 0 c. cr1stata 
0-----------------------------_.pH 
4 5 
••---~• inoculated 
---
---e not inoculated 
6 7 8 9 
Vertical bars represent 
95% confidence limits. 
Fig. 19. 6 Mean shoot magnesium concentration expressed as 
perc entage of maximum. 
Combined nitrogen supplied. 
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Fig. 19.7 Mean shoot zinc concentration expressed as percentage 
of maximum . 
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Fig. 19.8 Mean shoot manganese concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig. 19.9 Mean shoot iron concentration expressed as percentage 
of maximum. 
Combined nitrogen supplied. 
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Fig . 20.1 Mean root nitrogen concentration expressed as 
percentage of maximum. 
Combined ni~rogen supplied. 
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Fig. 20.2 Mean root phosphorus concentration expressed as 
percentage of maximum . 
Combined nitrogen supplied. 
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Fig. 20.J 
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Mean root sodium concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Vertical bars represent 
95% confidence limits. 
Fig. 20.4 Mean root potassium concentration expressed as 
percentage of maximum. , 
Combined nitrogen supplied. 
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Vertical bars represent 
95% confidence limits. 
?ig. 20.5 Mean root calcium concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig. 20.6 Mean root magnesium concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig. 20.7 Mean root zinc concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig. 20.8 Mean root manganese concentration expressed as 
percentage of maximum. 
Combined nitrogen supplied. 
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Fig. 20.9 
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F;_g. 21.1 Mean shoot nitrogen concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 21.2 Mean shoot phosphorus concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 21.J Mean shoot sodium concentration expressed as 
percentage of maximum. 
Combined nitrogen exclude. 
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Fig. 21.4 Mean shoot potassium concentration expressed as 
percen t age of maximum. 
Combined nitrogen exc l uded. 
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Fig. 21.5 Mean shoot calcium concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 21.6 
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Mean shoot magnesium concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 21.7 Mean shoot zinc concentration expressed as 
percentage of maximum. 
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Fig. 21.8 Mean s hoo t mangane se concentration expressed as 
percentage of maximumo 
Combined nit rogen ex c luded. 
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Fig. 21.9 
% 
100 
80 
60 
40 
20 
Mean shoot iron concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 22. 1 Mean root nitrogen concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 22 .2 Mean root phosphorus concentration expressed· a,s 
percentage of maximum . 
Combined nitrogen excluded. 
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Fig. 22.J Mean root sodium concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 22.4 Mean root potassium concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 22.5 Mean root calcium concentrat ion expressed as 
percentage of maximum . 
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Fig. 22.6 Mean root magnesium concentration expressed as 
perc entage of maximum . 
Combined nitrogen excluded. 
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Fig. 22.7 Mean root zinc concentration expressed as 
percentage of maximum. 
Combined nitrogen excluded. 
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Fig. 22.8 Mean root manganese concentration expressed as 
percentage of maximum . 
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Pig. 22.9 Mean root iron co11ct.;11tration expressed as 
percentage of maximum. 
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125. 
Bearing this in mind, the results from 
two-way analysis of variance have been reported, since they 
indicate partition of the variation even though the 
ascribed levels of significance may no longer be accurate. 
Results from analysis of variance are shown in Tables 
17.1-17.2. 
Clearly the treatments (particularly pH) 
have had highly significant effects on concentrations of 
all nutrients. 
The experiment was divided into two major 
parts (combined nitrogen supplied and combined nitrogen 
excluded); these need to be considered separately. 
Combined nitrogen supplied 
Nitrogen - Nitrogen concentrations in both 
shoots and roots were )ess for culture solutions in the pH 
range 6-7 than frif more acid or more alkaline solutions. 
This trend is opposite to the trend shown by tissue weights~ 
and may be due simply to dilution effect - nitrogen 
concentration being least in the largest (and fastest 
growing) seedlings. 
Although the confidence limits are 
relatively large, the differences between upper and lower 
values of nitrogen concentration are generally significant. 
There are no significant differences between inoculated 
and uninoculated treatments at the same culture solution pH, 
Table 17.1 
I 
N pH 
IxpH 
I 
p pH 
IxpH 
I 
Na pH 
IxpH 
I 
K pH 
IxpH 
I 
Ca pH 
IxpH 
I 
Mg pH 
IxpH 
I 
Zn pH 
IxpH 
I 
Mn pH 
IxpH 
I 
Fe pH 
IxpH 
not 
cri 
*** 
** 
*** 
* 
*** 
*** 
* 
*** 
** 
Approx i mate s i gn ific anc e of effects of 
treatment on nut ri en t conc entrations as 
assessed by t wo - wa y analysis of variance 
Comb i ned nitrogen s uppli ed 
Shoots Roots 
cun gla Cr i cun gla 
* * 
*** *** ** *** *** 
* * * 
** * * ** *** 
* 
* 
*** *** *** *** *** 
* 
** ** 
*** *** ** ** * 
* 
*** *** *** *** *** 
* 
*** *** *** * *** 
* 
* *** * 
** 
*** *** *** *** *** 
** *** *** ** 
** . * 
significant I inoculum 
126. 
* significant at 5 . 0% 1 eve 1 pH solution pH 
** 1 . 0% cri C. crista t a 
*** 0 . 1% cun C . cunni ng hamiana 
gla C . glauca 
Table 17.2 
I 
N pH 
IxpH 
I 
p pH 
I xpH -
I 
Na pH 
IxpH 
I 
K pH 
IxpH 
I 
Ca pH 
IxpH 
I 
Mg pH 
IxpH 
I 
Zn pH 
IxpH 
I 
Mn pH 
IxpH 
I 
Fe pH 
IxpH 
not 
Cr i 
*** 
*** 
*** 
*** 
** 
*** 
* 
* 
* 
* 
*** 
*** 
** 
Approx i mate s i gn ific a nce of effects of 
treatment on nut ri ent concentrations as 
assessed by two - way analysis of vari a nce 
Combined ni trogen excluded 
Shoots Roots 
cun gl a cri cun gl a 
** ** *** ** * 
*** * 
*** *** *** * 
** *** 
* ** *** *** *** 
*** * 
* 
*** * * * 
*** * *** ** 
* ** 
* *** * 
*** *** ** *** 
*** *..* ** 
*** ** *** *** 
** 
*** *** *** *** 
*** * 
** ** ** 
* *** *** 
** 
-
** *** *** *** ** 
* ** 
* * 
*** *** ** 
** * *** 
sign ifi cant I inoculum 
127. 
* s i gnificant at 5 . 0% 1 eve l pH soluti on pH 
** 1 . 0% Cr i C . crist ata 
*** 0 . 1% cun C . cunni ngh amiana 
gl a C. glauc a 
Table 18~1 Shoot nit rogen concentration expressed as 
real values (ppm) and p ercent of maximum 
in that species/ nitrogen series 
-------------------------------------~---~--
pH n i cristata cunninghamiana gla.uca 
--------------------------------------------------.--~~ 
4 + 2J99Q.6 65% 28769.2 866/4 24414 . 1 876/4 
·5 + 2557804 69% 2920906 Bi5/2 2J22Jo2 Bi~ 
6 + 2424205 65%. 26248.1 78% 20412~7 726/4 
7 + 25688.3 69% 27564.4 82% 2159606 77%-8 + 31054.J 84% 31031.5 93% 2477109 88% 
9 + JJ4o6.4 90% 31741.2 95% 28190 . 0 100% 
4 + + 25812.1 70% J2245o9 96% 27079112 96% 
5 + + 26039.7 7ofo 30901 .,4 92% 2466201 87% 6 + + 24836.0 67% 2971Bc8 89% 19517.J 69%. 
7 + + 23892.0 65% 26539.7 79% 20446.4 73% 8 + + 32498.4 88% J126J.4 93%. 24782 . 9 88% 
9 + + 37029.4 100% JJ4JB.1 100% 27224e2 97% 
diff s ig 5% 4947.4 13% 45 33.5 14% 3870 09 14% 
---------- --------------------------
4 lJOOJ.4 94% 9627.9 40% 12013.0 58% 
5 1150401 BJ% 12498.9 51%. 12014 ,0 586/4 6 9817.2 71% 10890.2 45% 896Je 0 4J% 
7 9731.5 71% 10989.5 45% 8261e1 40% 8 8988.5 65% 7922.4 JJ% 765105 37% 9 9162.J 66% 7007.1 29% 7565 ~1 36% 
4 + 13781.B 100% 12 001 .1 49% 1284101 62% 
5 + 12999.4 94% 18667. 7 77% 161J4o9 785/4 
6 + 11146.4 81% 24062 . 7 99% 20783.4 10 0% 
7 + 106 1608 77% 24JJ6QJ 100% 1B27Je9 88% 8 + 995 o. 1 72% 22 099.8 91% 18216.6 885/4 
9 + 8642 .1 6J% 20929. o 86% 15846 .1 76% 
diff s ig 5% 1379()5 10% 299J. 6 12% 2340.6 11% 
------ ---
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated (+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value ; intended only as an a pproximate guide to 
significance 
Table 1802 Shoo t phosphorus concentration expressed as 
real values (ppm) and p ercent o f maximum 
in that s pecies/ nitrogen se r ies 
-----------------------------------------------pl n i cristata cunninghamiana glauca 
------------------------------------------------~:.--
4 + 2797oU 73% 6870 .2 88% 4498"0 92% 
5 + 2876.2 75% 7227., 0 9'26/4 428908 88% 6 + 3305.1 876/4 7321.,0 9J%. 3971 .5 81% 
7 + 3332.7 876/4 7403.9 94% J565 ,, 7 73% 8 + 3540.0 93% 6846.7 876/4 4143,,8 856/4 
9 + 3265.1 86% 5798.3 74% 3998 . 6 82% 
4 + + -3075 .• 6 81% 7647"0 98% 4562.2 93% 
5 + + 3034.2 80% 7409. 7 95% 4381"2 90% 6 + + 3114.9 82% 7839.,8 100% 4231 . 3 86% 
7 + + 3198.,6 84% 7305.8 93% 3722,,2 76% 8 + + 3810.6 100% 7630 e7 97% 4894.o 100% 
9 + + 37'36.8 98% 6375o 9 81% 4766Q4 97% 
diff sig 5% 705.4 19% 1341"9 17% 1000 e2 20% 
-------------------~--------....:--'--------~----~-----~~ 
4 7517 .1 89% 8159.5 74% 11831 4'3 97% 
5 7398.0 88% 1087406 99% 12151ci7 100% 6 569607 68% 10968 ., 8 100% 11507 ~8 95% 
7 5958.9 71% 9624.9 88% 9251"2 76% 8 3969.9 47% 418809 38% 4428.0 36% 
9 3106.9 37% 2504.5 23% 3933 . 9 32% 
4 + 8409.4 100% 8080.2 74% 11555 "2 95% 
5 + 6854.4 82% 10161 .. 3 93% 9785 "0 81% 6 + 6580.4 78% 7339 e6 67% 8908,,0 73% 
7 + 6106.5 73% 5934.6 54% 8216eO 68% 8 + 4784.2 57% 4566,, 0 42% 6278 . 7 52%. 
9 + 3189,,7 38% 3468 . 8 32% 4755"1 J9% 
diff sig 5% 1208.3 14% 1446c 7 13% 2150 . 7 18% _________________________________ ...., __________ 
----
pH= pH of culture solution 
n = combined nitrogen supplied(+ ) or not supplied(-) 
i = se edlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate guide to 
significance 
Table 18 . 3 Shoo t sodium concentration expressed as · 
real values (ppm) and p ercent of maximum 
in that species/ nitrogen series 
130. 
---------------------------------------....J-----~---
pH n i cristata cunninghamiana glauca 
4 + 607 .. 0 16% 201 e6 19% 395 . 6 16% 
5 + 528 . 4 14% 15 0.1 14% 481,,7 19% 6 + 544.o 14% 127.,9 12% 555;8 22% 
7 + 491.,4 13% 146.2 14% 313 .2 12% 8 + 3048.,8 79% 763 II 1 73% 2174.,5 86% 
9 + J8 le9 100% 104703 100% 2391 .9 95% 
4 + + 581.4 15% 191.,8 18% 498 ,,1 20% 
5 + + 485.8 13% 176,,3 17% 798 .8 32% 6 + + 61602 16% 225.3 22% 936 ,, 7 37% 
7 + + 51893 13% 148111 14% 482 . 7 19% 8 + + 3206.2 83% 622.5 59% 1982 . 7 79% 
9 + + 3819.1 99% 846.9 81% 2524 ,,4 100% 
diff sig 5% 646.o 17% 118.7 11% 361~1 14% 
----------------------------------------------
----
4 629 .4 25% 164.4 31% 259.,6 26% 
5 528.7 21% 205 02 39% 224e8 23% 6 4J2.4 17% 157.1 Jo% 244 .,9 25% 
7 610.9 25% 16 J o0 31% 2J8eJ 24% 8 1363.6 55% 282. 3 54% 375 .8 38% 
9 1615.4 65% 388.5 74% 636 . 3 64% 
4 + 544.7 22% 182.2 35% 270e7 27% 
5 + 56308 23% 18303 35% 259.5 26% 6 + 58804 24% 192.1 37% 285,,2 29% 
7 + 585.3 24% 195"0 37% 267 . 3 27% 8 + 142001 57% 46 700 89% 710 .,.8 72% 
9 + 2484.7 100% 52Je 8 100% 99l e4 100% 
diff sig 5% 479.9 19% 132.0 25% 159.,6 16% 
-------------------------------------------
---~ 
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an a pproximate guide to 
significance 
t 
I 
131 . 
Table 18"4 Shoot potassium concentration expressed as 
real values (ppm) and percent of maximum 
in that species/ nitrogen series 
_________ _.,,_ ________________________ __._ ___ ~-----'-'~-
pH n i cristata cunninghamiana glauca ________________________________ -:i_, ____________ _ 
4 + 19095 . 9 92% 17783.7 92% 19322 .,4 88% 
5 + 20318 . 6 98% 19193.4 100% 20252.7 92% 
6 + - 20819 . 7 100% 16638,,5 86% 19968.6 91% 
7 + 20428"3 98% 1635288 85% 19261,,6 87% 8 + 19609.8 94% 14172e2 73% 19379 . 1 88% 
9 + 16696.,1 Bo% 13194.3 68% 19339"7 88% 
4 + + 18864 . 5 91% 18692.6 97% 21448&)9 97% 
5 + + 18882c2 91% 19283~5 100% 22051 . 3 100% 
6 + + 1864802 90% 18264.4 95% 20797 "8 94% 
7 + + 18958.9 91% 18130. 0 94% 197904!4 90% 8 + + 2082904 100% 14982.,9 78% 20916 . 6 95% 
9 + + 18012 . 8 86% 13720.1 71% 21044.5 95% 
diff sig 5% 3345.9 16% J01J.,Q 16% 2840.J 13% _....,_ ________________ ...,. __________________________ _, __ 
---
4 1718004 100% 2224J,,9 90% 20508,,0 74% 
5 16593 . 0 96% 24'779. 2 100% 21082.5 76% 6 13711 . 4 79% 21613.J 87% 19281,,8 69% 
7 14399 .. 6 BJ% 1881107 76% 19065.,5 69% 8 13202 . 4 77% 13292.,7 54% 15956.,2 57% 
9 11780.7 68% 10987.7 44% 16442.7 59% 
4 + 17076.5 99% 203 21.,6 82% 1823806 66% 
5 + 17249 . 6 100% 23777., 6 96% 24271.,4 87% 
6 + 16330 . 5 95% 23194.7 94% 27791.0 100% 
7 + 15452.,1 90% 22217.1 90% 25088 . 9 90% 8 + 15 364. 2 89% 17793.0 72% 2413206 87% 
9 + 14239.9 BJ% 16820.8 68% 21312 . 4 77% 
diff sig 5% 2745.7 16% 2821.7 11% 2806 .4 10% 
------- -----------
---------~ --
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated (+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence .intervals for each 
value; intended only as an approximate guide to 
significance 
I· 
Table 18 .5 
1J2 . 
Shoot c alcium concentration expressed as 
real value s (ppm) and percent of maximum 
in that species/ nitrogen series 
_________________________________________ _, ______________ _,_ 
pH n i cristata cunninghamiana glauca 
--------------------------------------_,.... ___________ _ 
4 + 8383.8 59% 9356. o 67% 9448.9 74% 
5 + 11125.9 79% 12840. 7 92% 10873 ~1 86% 6 + 1J76Ja1 97% 13964.,4 100% 11726 &4 92% 
7 + 13210 . 5 9J% 1352Be2 97% 11739.,6 93% 8 + 11713a4 83% 12590.3 90% 11472 .9 90% 
9 + 11218.1 79% 12514e1 0 90% 11299 ,, 7 89% 
4 + + 8983.1 64% 10192. 7 73% 10127 .1 Bo% 
5 + + 12600.2 89% 12816.7 92% 11753 . 0 93% 6 + + 14097.1 100% 13490.4 97% 11686 "3 92% 
7 + + 14131e6 100% 13768.3 99% 12247 04 97% 8 + + 11667.3 83% 1364804 98% 11847 "3 93% 
9 + + 11840.1 84% 13299e8 95% 12688"0 100% 
diff sig 5% 1902e2 14% 2292 ,,3 16% 1673 "1 13% 
---------.....J----------------------------------~-~--
4 11420.9 70% 13529.1 49% 13183"3 78% 
5 13340el 82% 21412e4 78% 14291. 1 85% 6 12708.7 78% 27423 ., 7 100% 16878 00 100% 
7 1J76197 84% 26108. 3 95% 15770 "9 93% 8 12299.7 75% 18159.9 66% 12625 "9 75% 
9 10341.4 63% 14977 -2 55% 1310109 78% 
4 + 11151s5 68% 13008,,2 47% 13020.6 77% 
5 + 13634.1 83% 22481.4 82% 15084e5 89% 6 + 15869.8 97% 1996004 73% 16115 .. 0 95% 
7 + 16341.7 100% 1797 0-5 66% 15771 c,9 93% 8 + 1376 0. 0 84% 17836.1 65% 16124 "3 96% 
9 + 1226887 75% 17818. 7 65% 13892 e9 82% 
diff sig 5% 1997,, 7 12% 3032 a4 11% 1874 ,, 7 11% 
----------------.------------~--------
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an a pproximate guide to 
significance 
I· 
Table 18e 6 Shoot magnesium concentration expressed as 
real values (ppm) and percent of maximum 
in that s pecies/ nitrogen series 
-------........_----------------------~--------,___ ___ _ 
pH n i cristata cunninghamiana glauca _______ ......_ ________________________________ _,.-c _______ __,_~~-
4 + 1018.7 75% 1071.5 61% 1497 . 0 64% 
5 + 1058.1 78% 1209.1 69% 1623.0 69% 6 + 1171.8 86% 1280.,0 73% 166607 71% 
7 + 1221.1 90% 128308 74% 1623.1 69% 8 + 1191.4 88% 149J.o 86% 2028.5 86% 
9 + 1J49.9 99% 1695.1 97% 2151.,6 92% 
4 + + 1023.5 75% 1146.1 66% 1526"0 65% 
5 + + 1097-5 81% 1205., 0 69% 1652"3 70% 6 + + 1216.1 89% 1307.,4 75% 1749 06 74% 
7 + + 1255.7 92% 1374.4 79% 1827~6 78% 8 + + 1146.9 84% 1532.5 88% 2103110 90% 
9 + + 1359.8 100% 1742.8 100% 2J49~1 100% 
diff sig 5% 216.4 16% 246.,2 14% 2J2.4 10% 
-------------------~------------------~---.---~ 
4 146607 80% 1640.J 67% 2018.6 75% 
5 144J.7 78% 2177.6 88% 2102.7 78% 6 1453.8 79% 2420 .. 2 98%- 2688.1 100% 
7 15 01 .8 82% 246 J . 8 100% 2486.,2 92% 8 1353. 0 74% 2021,,5 82% 2146.,9 Bo% 
9 1182., 0 64% 1865.,5 76% 2407.,2 90% 
4 + 135 J., 1 74% 1611.,5 65% 1960.9 73% 
5 + 1J66.6 74% 228 0 0 0 9J% 2089.,5 78% 6 + 1751.,7 95% 1962.2 80% 2556.,4 95% 
7 + 1839.,8 100% 1962 .. J Bo% 2569~6 96% 8 + 1670.8 91% 205 J. 7 BJ% 25431'4 95% 
9 + 1625.,0 88% 2398.,6 97% 254708 95% 
diff sig 5% 398.,0 22% 414.9 17% J45.4 13% 
-------------------------------------------
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value ; intended only as an approximate guide to 
significance 
Shoot zinc concentration expressed as 
real values (ppm) and p ercent of maximum 
in that s pecies/ nitrogen series 
134&1 
-----------------------------------...J--------
pH n i cristata cunninghamiana glauca 
---------------------------------------------~~-
4 + 20. 0 89% 13.1 67% 16 05 73% 
5 + 22.2 99% 19-5 100% 16 05 73% 6 + 21.6 96% 1Jo9 71% 17o4 77% 
7 + 22.2 99% 1J.J 68% 19.J 85% 8 + 17o2 76% 9 .1 47% 8e5 38% 
9 + 22.5 100% 12.8 66% 9.9 44% 
4 + + 16.J 72% 19e O 97% 19 eJ 85% 
5 + + 18 v 1 Bo% 18"1 93% 2206 100% 6 + + 16.5 73% 1JoJ 68% 16.,5 73% 
7 + + 17.2 76% 1J.J 68% 16 . 8 74% 8 + + 14.7 65% 10" 1 52% 104!4 46% 
9 + + 22.2 99% 10.,7 55% 10ti2 45% 
diff sig 5% 8.6 JS % 7.4 JS% 6. 7 Jo% 
-------------------------------------------------
----
4 37.9 84% J8c9 68% 46 . 7 69% 
5 41.7 9 2% 57.6 100% 53 .8 79% 6 27o5 61% 48. 7 85% 62 . 2 92% 
7 JJ.J 74% 4o.9 71% 47o4 70% 8 27.5 61% J6.2 6J% 32 . 2 47% 
9 25 . 3 56% 41.6 72% J0 . 9 46% 
4 + 39.8 88% 4o.J 70% 6 J .2 93% 
5 + 44c2 98% 44.4 77% 67.9 100% 6 + 45 .1 100% 31.5 55% 43.3 64% 
7 + 29o4 65% 28.0 49% 41e 7 61% 8 + 31.6 70% 35. 8 62% 39 o3 58% 
9 + 38.6 86% 24ol 42% 2802 42% 
diff sig 5% 25.4 56% 18.,3 32% 17 . 8 26% 
--------------------------------------------
--~-
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an a pproximate guide to 
significance 
i 
I 
Table 18 .8 Sh oo t manga n ese conc entration expressed as 
r eal values (ppm) and p ercent of maximum 
i n that s p e c ies/ nitrogen series 
------------- ---------- ------------~----------
pH n i cristata cunninghamiana glauca 
----------------------------------------------------
4 + 208., 7 s o% 174 .. J 77% 22504 77% 
5 + 24 0.8 58% 225 .4 100% 25 2 "5 86% 6 + 199.1 48% 15 0. 6 67% 218 .. 0 74% 
7 + 237.,4 57% 141.9 6J% 248 ~9 85% 8 + 315. o 75% 171- 9 76% 276 ., 9 94% 
9 + 377.,5 90% 17Je5 77% 279 ., 1 95% 
4 + + 214.1 51% 192. 6 85% 246 ., 6 84% 
5 + + 237.4 57% 214. 9 95% 256 e9 87% 6 + + 211.,4 51% 163 . 2 72% 210.7 ·- 72% 
7 + + 235.4 56% 132.,4 59% 220eJ 75% 8 + + 321.4 77% 168 ., 8 75% 289 eO 98% 
9 + + 41 7.3 100% 202 . 9 90% 294 ,, o 100% 
diff sig 5% 67.4 16% 35 ., 8 16% 49.2 17% 
---------------------- -------------------
4 96 0.J 95% 8 o.6 ., 5 87% 1294 . 4 95% 
5 777.3 77% 813., 9. 87% 1107.3 81% 6 568.8 56% 654., 8 70% 1011.,6 74% 
7 _585. 0 58% 540,,1 58% 9J6.8 69% 8 
·539 .5 54% 276 . 2 Jo% 82207 60% 
9 4JJ.4 43% 296.J 32% 700~1 51% 
4 + 1008.2 100% 8640 6 93% 1363,,4 100% 
5 + 932.,4 92% 9J1. 4 100% 104706 77% 6 + 738 .,6 73% 469 .,1 so% 898.,2 66% 
7 + 726.4 72% JJ4 oJ J6% 829"5 61% 8 + 591. 6 59% 333 ., 4 J6% 736.8 54% 
9 + 473 . 6 47.% 331 ., 0 J6% 640.,6 47% 
diff sig 5% 128 .,9 13% 176 . J 19% 2196)2 16% 
---------------------------------------
pH= pH of cultur e s olution 
n = comb i n ed nit ro gen supplied (+) or not supplied(-) 
i = s eedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value ; intended only as an a pproximate guide to 
significance 
Table 18 o9 Shoo t iron concentration expre ssed as 
real values (ppm) and percent o f maximum 
in that s pecies/ nitroge n se r ies 
136 . 
---------------------------------------------------
pH n i cristata cunninghamiana glauc a ________ _,,,, _ r..--__________________________ _ __________ cww .--
4 + 87e8 88% 121 .. 1 64% 99o2 74% 
5 + 96.4 97% 188.,9 100% 102.3 76% 6 + 67 .,5 68% 137.1 73% 73 . 3 54% 
7 + 9o.6 91% 111c4 59% 122.1 91% 8 + 64.6 65% 127.,5 67% 86. J 64% 
9 + 81.,9 82% 101g8 54% 6 3. 7 47% 
4 + + 99. 3 100% 146.8 78% 134. 7 100% 
5 + + 81.9 82% 179.1 95% 92. 6 69% 6 + + 76 e2 77% 162.9 86% 1020 6 76% 
7 + + 79. o Bo% 114.6 61% 86.2 64% 8 + + 53. 0 53% 111.4 59% 5 0 o 9 38% 
9 + + 64 .. 6 65% 114 .. 7 61% 660 9 s o% 
diff sig 5% 27~8 28% 65.9 35% 77 . 0 57% 
----------------- ----~---------------------------
4 154.2 85% 158 ., 8 100% 94~1 81% 
5 116.,6 64% 11704 74% 890 '7 77% 6 68 .. 2 37% 1J5o6 85% 116 . 1 100% 
7 105 .4 58% 131.1 SJ% 72 . 2 62% 8 68 oJ JS% 5805 J7~ 501) 4 43% 9 36 .. 0 20% 58.5 37 0 50.4 43% 
4 + 181.,9 100% 101 .. 9 64% 896) 7 77% 
5 + 12906 71% 153 08 97% 85,, 3 73% 6 + 96 .4 53% 126e5 Bo% 850 3 73% 
7 + 94.,2 52% 103.8 65% 85 03 73% 8 + 12 0.8 66% 14902 94% 85. 3 73% 
9 + 79.1 43% 131 " 1 BJ% 67 . 8 58% 
diff sig 5% 84.9 47% 96 .. 8 61% 23 . 0 20% 
-----------------------~----------------~_, ___ 
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied (-) 
i = seedlings inoculated(+) or no t inoculated (-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an a pproximate guide to 
significance 
Table 19.1 Root nitrogen conc entration expressed as 
real values (ppm) ·and percent of maximum 
in that species/ nitrogen series 
137., 
----------------------------------------~----------
pH n i cristata cunninghamiana glauca _____ _...... _____________________________________ _,~--
4 + 28287.3 77% 21118,,5 84% 19622.6 74% 
5 + 24649.2 67% 17634.7 70% 17075eO 65% 6 + 22158.0 60% 13962118 56% 16308,,8 62% 
7 + 25038"2 68% 15338 ,,9 61% 18786"1 71% 8 + 30754.9 84% 19160"7 76% 2052294 78% 
9 + 31842.3 87% 24051-9 96% 2638000 100% 
4 + + 31610.3 86% 19777.6 79% 19324"4 73% 
5 + + 2520300 69% 16239.3 65% 17371.4 66% 6 + + 23250.4 63% 16319.9 65% 16991.8 64% 
7 + + 25088.3 68% 16264.6 65% 18090,,8 69% 8 + + 36788.3 100% 2122609 84% 23724411 90% 
9 + + 31133.3 85% 25123"6 100% 25656.8 97% 
diff sig 5% 8465,,5 23% 3258116 1J% 3945 ,.9 15% 
----------------------------------------cama---~--~-. . 
4 10852112 59% 8841.7 41% 12548. J 45% 
5 11477115 63% 963481 4·4% 12167"5 44% 6 I 11264.4 62% 101J1 1 47% 19093.2 68~ I 
7 15794.,9 86% 14516"2 67% 19859&,6 71% 8 11580.9 6J% 11754116 54% 1624706 58% 
9 12262.2 67% 144191>5 67% 17593.0 6J% 
4 + 11059. 0 60% 8548.7 J9% 17552.5 63% 
5 + 12575.3 69% 10733.5 so% 13617.9 49% 6 + 13533o9 74% 1620480 7'5% 20064.9 72% 
7 + 18280.3 100% 21655,,5 100% 27920.5 100% . 8 + 15469.o 85% 21410~1 99% 24573.9 88% 
9 + 13959e4 76% 20639o3 95% 24257.3 Bi% 
diff sig 5% 2720.6 15% 3373.5 16% 4539,,6 16% 
--------------------------------------------~-_, 
pH= pH of culture solution 
n = combined nitrogen supplied(+) or hot supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate guide ~o 
significance 
Table 19.2 
138 . 
Roo t pho s phorus concentration expressed a~ 
real values (ppm) and percent of maximum 
in that s pec ies/ nitrogen series 
-------------------------------------~----------~._ 
pH n i cristata cunninghamiana glauca 
---------------------------------------3~---~--~~ 
4 + 3632.6 65% 4589,, o 53% 4339 . 2 75% 
5 + 4356.9 77% 7023.7 82% 4582,3 Bo% 6 " + 3989c4 71% 6590.3 77% 4283.7 74% 
7 + 5112.6 91% 8578.2 100% 575903 100% 8 + 3758.6 67% 4096.5 48% 4284.8 74% 
9 + 3293 .4 59% 2819.3 33% 3306 .8 57% 
4 + + 3973.0 71% 4681t)4 55% 4280 . J 74% 
5 + + 4520.1 Bo% 7161.1 83% 4228.4 73% 6 + + 4415.2 78% 6624.9 77% 3992 .9 69% 
7 + + 5627.5 100% 6364. o 74% 4905 .8 85% 8 + + 5144.o 91% 3812.6 44% 3526dl4 61% 
9 + + 3622.2 64% 3057-.0 36% J482o4 60% 
diff sig 5% 1352.2 24% 1357 . 7 16% 1011.2 18% __________________________________ _, ______________ _,~
4 3997 .1 94% 9500. 0 60% 7699 . 6 100% 
5 3976.5 93% 1187500 76% 6190 ~8 Bo% 6 3776.6 89% 15708.3 100% 6635 .,8 , 86% 
7 4255.5 100% 15416.7 98% 6495 0 0 84% 8 2663o3 63% 11125.0 71% 5654.6 73% 
9 2220.5 52% 6625 . 0 42% 4952.1 64% 
4 + 4109.4 97% 85 00 e 0 54% 7037 .8 91% 
5 + 3874.7 91% 11166.7 71% 5375.4 70% 6 + 3861. 0 91% 13125.0 84% 4786.0 62% 
7 + 3903.6 92% 11833 03 75% 5367 .8 70% 8 + 3049.1 72% 8958.3 57% 4482.8 58% 
9 + 2342.8 55% 5625 . 0 36% 3562 . 3 46% 
diff sig 5% 599 .9 14% 301201 19% 1464 . 8 19% 
------------------------------------------
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i ~ seedlings inoculated (+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate guide to 
signific ance 
Table 19 J Root sodium concentration expressed as 
real values (ppm) and percent of maximum 
in that s p e cies/ nitrogen series 
-------,--------------~---------------~----
pH n i cristata cunninghamiana glauca 
-------------------------------~----~-~-~---.--
4 + 916. 0 12% 2_J61. 7 2 1% 25 05 . 2 14% 
5 + 174205 24% 3767.,2 J4% 486801 27% 6 + 2105.9 29% J668.8 JJ% 5454-7 Jo% 
7 + 1918.7 26% 3317.5 Jo% 5807 .2 J2% 8 + 7175"0 97% 9092.7 81% 15642,5 86% 
9 + 7366.0 10 0% 10850.7 97% 15159cO 84% 
4 + + 1279. 0 17% 2129., 1 19% J242o4 18% 
5 + + 1921. 0 26% J711e 0 JJ% 596J~4 JJ% 6 + + 2395.6 JJ% · 4062 . J J6% 6606 ., 4 J6% 
7 + + 1821 ~1 25% 2581., 0 2J% 46J4~1 26% 8 + + 6468 . o 88% 10624.2 95% 14855 .,9 82% 
9 + + 6982. 0 95% 11214~ 0 100% 18115!)5 100% 
diff sig 5% 1451.J 20% 2981 . 7 27% 42154)8 2J% 
-------------------~--------~------i:;-,--=-:t-~-,-~ 
4 1282.4 48% 1006 . 7 28% 14JJ~5 J5% 
5 952.2 J6% 837.,6 24% 1100 ., J 27% 6 916.J J4% 66804 19% 986c1 24% 
7 945. o J6% 612 . 0 17% 691 . 6 17% 8 1J06 .9 49% 1570 .,5 44% 1684 . 8 41% 
9 18 06 .9 68% 18 71 . 0 53% 2992.,6 73% 4 + 986.7 37% 59J.2 17% 946.,6 2J% 
5 + 12 00 06 45% 66804 19% 119Je7 29% 6 + 1288.2 48% 121J.4 J4% 1472 . 1 J6% 
7 + 1351.6 51% 1664.4 47% 766 01 19% 8 + 1864.5 70% 2734.,7 77% 3367"8 82% 9 + 266 0.1 100% 3541.6 100% 4o9J .5 100% 
diff sig 5% 562.6 21% 571.J 16·% 950.,1 2J% 
------------------------------------~ 
~--~ 
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value ; intended only as an a pp roximate guide to 
significance 
t 
I 
Table 19 o4 Root potassium concentration expressed as 
r eal values (ppm) and percent of max imum 
in that species/ nitrogen series 
140" 
-----------------------------------------------
pH n i crist ata cunninghamiana glauc a 
-------------------------------------------------~--
4 + 7387.4 JS% 14709.J 62% 1481401 69% 
5 + 14349.6 73% 19128. J Bo% 1835 0. 7 85 % 
6 + 14175.3 72% 18 086 ., 7 76% 14994 . 8 69% 
7 + 19586.4 100% 238 01.2 100% 19729.2 91% 8 + 18427.7 94% 19640.1 BJ% 21546"6 100% 
9 + 16156. 0 82% 19919.2 84% 216 00e8 100% 
4 + + 9700.2 s o% 13676. 6 57% 16 017 Q9 74% 
5 + + 15292.5 78% 16495. J 69% 15566" 6 72% 6 + + 14199.o 72% 16772. 8 70% 13874" 3 64% 
7 + + 16305.,4 SJ% 18856. 0 79% 15331.8 71% 8 + + 172J6o1 88% 2094J.4 88% 192J8.,6 89% 
9 + + 16079.4 82% 19728.2 SJ% 18293.6 85% 
diff sig 5% 44J5o8 23% 5828.9 25% 45 310 6 21% 
------------------------------------------------------
4 1197 0.1 92% 19361.2 79% 28331. 0 100% 
5 10965.6 84% 17625. 8 72% 21 749. 9 77% 
6 11646.1 90% 24576. 7 100% 21 683 ., 8 77% 
7 10667.3 82% 22375.9 91% 19711., 8 7 0% 8 7622(;6 59% 1740100 71% 15229. 1 54% 
9 6574.4 51% 16201 . 7 66% 156 08 00 55% 
4 + 11728.4 90% 16188.4 66 % 254JJ ., 6 90% 
5 + 11398.5 88% 2 0J72o6 SJ% 22724 06 Bo% 
6 + 12998.7 100% 22248oJ 91 % 24401., 3 86% 
7 + 12761.J 98% 23408. 9 95 % 21242. 5 75% 8 + 1026806 79% 23465.1 95% 209J1 .. 0 74% 
9 + 846602 65% 22JJ7 o8 91% 18586.,6 66fo 
diff sig 5% 24 00 . 0 18% 442 0.6 18% 2723 . 6 10% ___________________________________________ _____, ___ 
pH= pH of culture solution 
n = combined nitrogen supplied(+) or no t supplied (-) 
i = seedlings inoculated (+) or not inocu l ated(-) 
diff sig 5% = mean of 95% confidenc e inte rvals for each 
value; intended only as an approximate guide to 
significance 
!. 
I· 
Table 19.5 Root calcium concentration expressed as 
real values (ppm) and perc ent of maximum 
in that species/ nitrogen series 
____________________________________________ _, 
pH n i cristata cunninghamiana glauca 
-------------------------------------~---~-
4 + 4755.9 JS% 5088.2 40% 542705 25% 
5 + 5650.1 45% 6J44.J 50% 6989 04 J2% 6 + 9706.5 77% 9J26.6 73% 12902 ., 0 59% 
7 + 10992.1 87% 11841.2 9J% 18894"6 86% 8 + 8883.5 71% 996J.8 78% 14227.2 65% 
9 + 9784.4 78% 7944.1 62% 9769 . 6 45% 
4 + + 5276. 0 42% 4918.6 J9% 4615.6 21% 
5 + + 5767.3 46% 5917. 7 46% 762J o4 J5% 6 + + 8988.6 71% 10327.3 81% 12310.,8 56% 
7 + + 12599.0 100% 12752. 0 100% 21928.8 100% 8 + + 8620.J 68% 8956.6 70% 11720.0 53% 
9 + + 9J41.6 74% 8492.1 67% 11873o7 54% 
diff sig 5% 2JJ8.4 19% 3250.1 25% 452J.o 21% 
------------------------------------
-~-
4 3702.6 J2% 2606.0 25% 2680114 20% 
5 3607.9 J2% 3291.0 J1% 4196.4 J1% 6 5 07 3. 6 44% 4318.1 41% 5294 . 7 40% 
7 5828.8 51% 5524.5 53% 6514 00 49% 8 9J26.8 82% 9192. 0 88% 13172 o9 99% 
9 11428.2 100% 9515.1 91% 1JJ42 . 2 100% 
4 + 36 07 . 6 J2% 2227.2 21% JJ49 o9 25% 
5 + 3817.6 33% 3975.6 J8% 496J.1 37% 6 + 4845. o 42% 7485.2 71% 7J48 .2 55% 
7 + 6055.0 53% 8832.8 84% 8530 . 7 64% 8 + 9254. o 81% 10107.,4 96% 10926.J 82% 
9 + 10455.7 91% 10484. o 100% 10603"1 79% 
diff sig 5% 1J62.4 12% 1089.5 10% 1397 . 0 10% 
--------------------------------------------~ 
pH = pH of culture solution 
n = combined nit rogen supplied(+ ) or not supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidenc e intervals for each 
value; intended only as an a pproximate guide to 
significance 
Table 19.6 Root magnesium conc entration expressed as 
real values (ppm) and percent of maximum 
in that species/ nitrogen series 
--------------------------------------------
pH n i cristata cunninghamiana glauca 
---------------------------------------------
4 + 747.4 J1% 1381. 6 48% 1661.6 4J% 
5 + 1373.0 57% 1924.1 67% 2354.5 61% 6 + 2421.1 100% 2884.2 100% J848 eo 100% 
7 + 2249.6 9J% 2727.5 95% 3832. J 100% 8 + 1780.5 74% 2337. 0 81% 2553.6 66% 
9 + 1892.7 78% 1940.4 67% 2044Qo 5J% 
4 + + 9JJ.6 J9% 1114. o J9% 1358.1 J5% 
5 + + 1799.9 74% 2497. 0 87% 2704 ., 7 70% 6 + + 2J4J.J 97% 27 01.5 94% 3618 ., 2 94% 
7 + + 2421. 0 100% 2669.8 9J% J6J4 ., o 94% 8 + + 1738.1 72% 1914.2 66% 224Jo1 58% 
9 + + 1788.J 74% 2005 .2 70% 2505.7 65% 
diff sig 5% 519.6 21 % 560.2 19% 752.9 20% 
------------------------------------------~ 
4 677.0 44% 761.9 J5% 865.,J JS% 
5 747.8 48% 1159-7 5J% 10J0C)0 45% 6 909.4 59% 1847.J 84% 146J.4 65% 
7 1009.1 65% 1832.8 84% 1629 . 2 72% 8 1148.7 74% 1825.5 SJ% 1940.9 86% 
9 1381.J 89% 19J4.1 88% 2219 .. 1 98% 
4 + 677.0 44% 740.2 J4% 796,,8 J5% 
5 + 803.2 52% 1188. 7 54% 1050 .5 46% 6 + 1015.7 65% 1717.0 78% 1753.,7 77% 
7 + 108 2.2 70% 17Jlo4 79% 1753 .9 77% 8 + 1294.9 SJ% 2078.9 95% 2003.7 88% 
9 + 1554.2 100% 2194.8 100% 2267 e9 100% 
diff sig 5% 178.J 11% 229.6 10% 249.1 11% 
---------------------------------------
pH = pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated (+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate guide to 
significance 
Table 19.7 Root zinc concentration expressed as 
real values (ppm) and percent of maximum 
in that species/ nitrogen series 
14J. 
--------------------------------------------------
pH n i cristata cunninghamiana glauca ________________________________________ _,, __ ___ 
4 + J6.2 77% 45. 0 100% 39 .9 Bo% 
5 + 28.0 59% 40.2 89% 38.7 77% 6 + 28.9 61% 28.5 6J% 4J.4 87% 
7 + 24.4 52% Jo.1 67% J9.9 Bo% 8 + 4J.2 92% J6.1 Bo% 47e8 96% 
9 + 38.J 82% 44.6 99% 280J 57% 
.4 + + 47.2 100% 35.9 Bo% 42. 0 84% 
5 + + 40.,1 85% 35.7 79% 5 0 e 0 100% 6 + + Jl.9 68% 32.1 71% J7e7 75% 
7 + + 32.5 69% -35.8 Bo% 44e2 88% 8 + + 25.6 54% 32.1 71% J4.7 69% 
9 + + 28.9 61% Jo.5 68% J2.6 65% 
diff sig 5% 19.5 41% 14.1 J1% 15.2 Jo% 
-----------
_________ _,___ _______________, __ 
4 44.1 50% 48. o 50% 92e8 58% 
5 50.5 58% 50.0 53% 1J4.6 85% 6 62.6 72% 56.8 60% 147 08 9J% 
7 47.5 54% 51. 6 54% 127c8 Bo% 8 40.7 47% 54.2 57% 71e9 45% 
9 4J. o 49% 51.6 54% 6801 4J% 
4 + JB.4 44% 47.4 50% 77 e2 49% 
5 + 87.5 100% 6J.1 66% 119 .. o 75% 6 + 79 .5 91% 93.7 98% 159" 0 100% 
7 + 80.1 92% 95.2 100% 150e2 94% 8 + 64.J 73% 70.5 74% 107 .,3 67% 
9 + 65.9 75% 50.0 53% 77 ,, 7 49% 
diff sig 5% 38 . J 44% JJ.4 35% JJoJ 21% 
-------------------------------------------------
pH= pH of culture solution 
n = combined nitrogen supplied (+) 
.... 
or not supplied (-) 
i = seedlings inoculated(+) or not inoculated (- ) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an a pproximate guide t o 
significance 
Table 19.8 Root manganese concentration expressed as 
real values (ppm) and percent of maximum 
in that species/ nitrogen series 
144. 
-----~--------------------~-------~-----------~--------
pH n i cristata cunninghamiana glauca 
------~~----------------------------~-------~~-~~-
4 + JJc9 1J% 48.7 19% 75.9 17% 
5 + 53.8 21% 70.7 27% 121.6 28%' 6 + 155.2 59% 92.8 J6% 255.6 58% 
7 + 187.2 72% 114.8 44% 405.0 9J% 8 + 261.J 100% 151. 7 58% 325.1 74% 
9 + 258.8 99% 196.2 76% 4J7eO 100% 
4 + + 38.9 15% 51.2 20% 89. 7 21% 
5 + + 52.2 ~0% 76.8 Jo% 155.7 J6% 6 + + 1J4.9 52% 153. o 59% 276.2 6J% 
7 + + 200.8 77% 144.2 56% J42 5 78% 8 + + 229.6 88% 183.8 71% 375(17 86% 
9 + + 261.2 100% 259.5 100% 379,,6 87% 
diff sig 5% 58.5 22% 54.2 21% 102.2 23% 
------~--..---~~~--------~-~---------------------------------
4 164c2 48% 115.5 21% 24J.4 15% 
5 14401 42% 147.2 26% 253.,4 16% 6 166.0 48% 244.4 44% 917. J 58% 
7 J4JG7 100% J47.1 62% 1594.9 100% 8 230.5 67% 299.2 54% 1526 . 9 96% 
9 255.2 74% 494.9 89% 1358. J 85% 
4 + 164.J 48% 102.8 18% 251.9 16% 
5 + 179.2 5 2% 147.2 26% 2J6.4 15% 
6 + 167.4 49% 183.7 JJ% J41,,1 21% 
7 + J14.5 9 2% 331.1 59% 1255.1 79% 8 + JJo.8 96% 4J9.6 79% 1396. o 88% 
9 + J25-.4 95% 556.,7 10 0% 1565. 0 98% 
diff sig 
.5% 122c9 J6% 132.1 24% 298.J 19% 
---------------------------
----------------
pH= pH of culture solution 
n - combined nitrogen supplied (+) or not supplied(-) 
i - seedlings inoculated (+) or not inoculated(-) 
diff sig 5% = ~ean of 95% confidence intervals for each 
value; intended only as an approximate guide to 
significance 
I· 
Table 19.9 Root iron concentration expressed as 
real values (ppm) and p ercent o f maximum 
in that species/ nitrogen series 
145 C 
-------------------------------------------------
pH n . l cristata cunninghamiana glauca 
--------------------------------------------------
4 + 267.2 15% J84c8 22% J59o2 17% 
5 + 317.4 18% 44Jo 0 25% 45704 21% 6 + 96Jo2 56% 1056.1 60% 148406 70% 
7 + 1289.5 75% 1404.,J Bo% 2132 . 0 100% 8 + 151004 87% 1581.0 90% 1655.1 78% 
9 + 1726c5 100% 1457.6 BJ% 1649.4 77% 
4 + + J64.8 21% 42J.2 24% J44 .8 16% 
5 + + 398 .-·6 23% 46907 27% 60206 28% 6 + + 929.6 54% 1148.2 65% 1585,8 74% 
7 + + 16J6.4 95% 1753.6 100% 1820.J 85% 8 + + 1448.,J 84% 1581.9 90% 1212<>5 57% 
9 + + 15 06 . 5 87% 1429. o 81% 1088.4 51% 
diff sig 5% 196.2 11% 384.o 22% 412.9 19% 
-----------------------------------------------------
4 384.o 19% 361.2 14% 564.5 15% 
5 397.5 20% 465.J 18% 6Q6oJ 16% 6 98904 50% 12 QJ . J 48% 1830 . 8 48% 
7 1564c2 79% 2Q16oJ Bo% 2766.1 72% 8 168908 85% 2516.8 100% 3841 .. 6 100% 
9 14J9.7 73% 20 05 .4 Bo% J169 . J 82% 
4 + 383.9 19% 299. o 12% 65704 17% 
5 + 41705 21% 527.8 21% 5J4.J 14% 6 + 925.9 47% 1001 . J 40% 1144.1 JO% 
7 + 1462. 0 74% 1525.5 61% 2117.9 55% 8 + 197708 100% 1862. 6 74% 2391.5 62% 
9 + 1496.8 76% 1591. 8 6J% 2026.4 53% 
diff sig 5% J42c8 17% 464cO 18% 443"5 12% 
-------------------------------------------------
pH= pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated (+) or not inoculat ed(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; int ended only as an a pproximate guide to 
significance 
I· 
Table 20 Amount of nitrogen in shoots of each 
seedling expressed as real values (micro-
grams) and percent of maximum in 
that species/ nitrogen series 
146 . 
------------------------------------------------
pH n . l cristata cunninghamiana glauca 
-----.....-.-----------------------------------------------
4 + 17696.J 69% 5050J. 8 74% _89245.9 100% 
5 + 21696.9 85% 6J924.2 9J% 7801105 87% 6 + 19821.1 78% 56637.7 SJ% 81776.6 92% 
7 + - 25429.J 99% 54105.9 79% 77487.7 87% 8 + 25571.6 100% 38781.5 57% 79775(JJ 89% 
9 + · - 144J4.5 56% 32184.,7 47% 78219 .5 88% 
4 + + 18897.0 74% 65064.9 95% 8682801 97% 
5 + + 21292.0 BJ% 6842J.J 100% 8521Je8 g5fq 6 + + 22804.o 89% 62078.J 91% 73968.J 83% 
7 + + 21365.7 84% 499J1.7 7J% 81621.0 91% 8 + + 21857.1 85% 45373.7 66% 7JJ12ll8 Bi% 
9 + + 1769J.9 69% 32801.,5 48% 67149 . J 75% 
diff sig 5% 7192.6 28% 19766.6 29% 148J7cJ 17% _______________________________________________, __ 
4 846.1 72% 966.4 18% 1399.7 J2% 
5 1080.6 92% 1440.1 26% 1898.,6 4J% 6 1023.J 87% 1115.5 20% 1375.2 J1% 
7 874.9 74% 1061.,J 19% 1166.J 26% 8 735. 7 6J% 944.7 17% 1149.4 26% 
9 1008.6 86% 922.2 17% 114J~8 26% 
4 + 1083.J 92% 1246.J 2J% 1452.,1 J.3% 
5 + 1174.6 100% 203 0.1 J7% 267504 61% 6 + 115 o . 8 98% 4112. 0 75% 442107 100% 
7 + 989.2 84% 55 08 ., 6 100% 357BQ0 81% 8 + 890 .6 76% 5285. 8 96% 4198.7 95% 
9 - + 769.7 66% 4427.5 Bo% JJ67,,o 76% 
diff sig 5% J12.9 27% 1225.0 22% 111J . 2 25% 
--------------------------------------------------
pH = pH of culture solution 
n = combined nitrogen supplied(+) or not supplied(-) 
i = seedlings inoculated(+) or not inoculated(-) 
diff sig 5% = mean of 95% confidence intervals for each 
value; intended only as an approximate guide to 
significance 
147 it 
Table 21 Amount of nitrogen in roots of e a c h 
seedling expressed as real values (mi c ro-
grams) and percent of maximum i n 
that species/ nitrogen series 
________ _.. ___________________________________ ...,.. ______ ...., __ _ 
pH n i cristata cunninghamiana glauca _____________________________ _. _____________________ _ 
4 + 891008 65% 12633e9 85% 1865 0. 8 766/4 
5 + 9811.1 72% 14892 . 3 100% 19415. 7 79% 6 + 9808.7 72% 131 09 . 7 88 %. 21 360.2 871/4 
7 + 13333.5 98% 12737.5 86% 215 32 . 1 88% 8 + 126 01.3 92% 10514.5 ?1% 1896204 77% 
9 + 7946.1 58% 10711.7 72% 203040 7 BJ% 
4 + + 106 19.5 78% 14171.8 95% 17407 . J 71%. 
5 + + 10778 .4 79% 13769o7 92% 18867 . 9 77% 6 + + 11208 .5 82% 147 00.3 99% 24139Q 7 98% 
7 + + 12093.9 89% 13150 .9 88% 245 7J 4P8 100% 8 + + 13651.2 100% 12921415 87% 2122809 86%. 
9 + + 8735412 64% 11040.7 74% 18438 ., 7 75% 
diff sig 5% 5287.5 39% 4285.2 29% 5907 4P 6 24% 
----------------------------------------------------~--' 
4 836.9 32% 869.,8 27% 1368~5 34% 
5 1175.7 45% 1085.8 33% 1616 . 2 40% 6 1310.9 50% 1073.2 33% 2626 . 0 65% 
7 1541. 0 59% 1479.3 45% 2462 ., 3 61% 8 1031.2 39% 1373.0 42% 1899114 47% 
9 1404.6 54% 1648.9 50% 2186 ., 6 54% 
4 + 968&;2 37% 860.6 26% 1917 ., 8 47% 
5 + 1301., 8 50% 1014.3 31% 2009., 2 50% 6 + 1583e1 60% 1639.1 50% 2903 , 6 72% 
7 + 2621.J 100% 2656.6 81% 4029 "1 100% 8 + 161107 61% 3267.0 100% 4o4J . 9 100% 
9 + 1467. 0 56% 2991 07 92% 3808., 5 94% 
diff Slg 5% 691~5 26% 722.2 22% 1037 03 26'fo ________________________________________________ __,_
pH= pH of culture solution 
n = combined nitrogen supplied (+) or no t supplied (-) 
i . seedlings inoculated(+) or not i noculated (-) 
diff sig 5% = mean o f 95% confidence i n te rvals for each 
value; intended only as an a pproximat e guide to 
significance 
' I 
indicating that in the pr esence of ade quate combined 
nitrogen, the nodules di d not con tri bute any substantial 
amounts of fixed atmosphe ric nitrogen . 
148 . 
Nit r ogen con cen trations were slightly less 
in the shoots off. glauca than t he ot her species, again 
possibly due to mo r e rap i d gr owth . This did not apply to 
nitrogen concentrations in r oo t s , wher e f. glauca and 
f. cunninghamiana had sim i lar con c entrations, and C. cristata 
had larger nitrogen con cent r ati on s. 
Phospho ru s - The variation in shoot phosphorus 
concentrations at di f f er ent c ultur e solution pH levels was 
relatively slight, wi th ne ver mor e t han 30% between the 
largest and smallest va l ues . Clea rly these differences 
cannot be regarded as stat i st i ca lly significant; this 
supports the assump ti on r epo rte d earlier that the 
precip i tation of ca l cium phosp ha t e at high pH values would 
not itself prevent adequate upt a ke of phosphorus by the 
plants . 
Root phosphorus con centrations varied more 
with culture solut i on pH~ phospho ru s concentrations be ing 
largest at pH values near ne utr a lity. Root phosphorus 
concentrations at the uppe r and lo we r limits of the pH 
range tested we r e 53% and 33% r esp ectively of the maximum 
value inf. cu~ningham i ana, the differences being l ess 
great for the other two spe ci es. In plants of all three 
species root phosphorus con c en tr a tions were less at pH 9 
than at pH 4 although these diff erences were not significant . 
t 
149. 
Th us i t appea r s phosph orus uptake is favoured 
by neutral pH, a l though upt a ke at pH values 4 or 9 was not 
reduced suffi c i ent l y t o adv ersely affect foliar phosphorus 
concentrat i ons . 
The r e we r e ma rk ed differences between the 
spec i es in the shoot and r oot phosphorus concentrations -
C. cunninghamiana had substan tially larger concentrations 
of phosphorus than the othe r spe cies . 
Sod i um - Both s hoo t a nd root sodium 
concentrations were cons i de r ab ly larger for culture 
solutions of pH 8 and 9 than at t he oth e r pH values. This 
is not su r pr i s i ng, s i nce la r ge amounts of sodium hydroxide 
were added to adjust the solut i on s t o pH values of 8 and 9. 
Omitting these two pH values, the r e wa s no significant 
effect of pH on sod i um uptake, although there appeared to 
be (part i cu l a rl y in the r oots) gr ea ter sodium concentrations 
at pH 5 and 6 than at pH 4 a nd 7. This is unlikely to be 
of pract i ca l i mpo r tance . 
C. cunn i ngham i ana had much smaller shoot 
concentrat i ons of sod i um tha n the other · two species, but 
had la r ge r con cent r at i ons of sodium in the roots than 
C. cri stata . 
Po t as si um - The eff ect of pH on potassium 
uptake i s not cl ea rly de fi ne d. Shoot potassium concentrations 
appeared una f fe c ted by the pH of th e culture soluti on for 
C. glauca and C. cri s t ata, whilst in C. cunninghami ana 
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potassium concentrations in the shoots were less at the 
higher pH values. Perhaps this is due to a competitive 
uptake effect between the very high concentrations of 
sodium in the nutrient solutions and the relatively low 
concentrations of potassium, or it may be manifestation of 
potassium-magnesium antagonism as reported by Reuther 
et al. (1958). 
In contrast, root potassium concentrations 
appeared to be largest at high pH values of the culture 
solutions. This was tbe case in all three species, 
although much less pronounced inf. glauca, and not 
significant at the 5% level inf. glauca or f. cunninghamian a. 
Plants off. glauca, the species which occurs naturally 
on acid soils, were less affected by low pH than were plants 
of the other two species, in which root potassium 
concentrations seemed to be substantially reduced at low 
pHs. Overall, potassium concentrations in both shoots and 
roots did not differ greatly between species . 
Calcium - Shoot calcium concentrations were 
not greatly affected by pH, but there was a reduction in 
shoot calcium at pH 4 in all species . In C. cristata 
shoot calcium concentrations were also significantly less 
with culture solutions having pH values of 8 and 9 . 
Root calcium concentrations appeared very 
sensitive to the pH of the culture solution, being greatest 
at pH 7 and reduced at higher and lower pHs. Concentrations 
were smallest at pHs 4 and 5, in C. glauca being only 25% 
of the concentration at pH 7. 
1 5 1 • 
There wer.e small differences between calcium 
concentrations in shoots and roots of the different species, 
but C. glauca had slightly less shoot concentrations, and 
larger root concentrations at high pH, than the other 
species. 
Magnesium - The concentrations of magnesium 
in the shoots were not greatly affected by pH, but in each 
species magnesium levels increased steadily with increasing 
pH. Differences in magnesium content between the lower and 
higher pH values for culture solutions were statistically 
significant . 
As for calcium there was a striking 
difference between the patterns of magnesium concentrations 
in shoots and roots. Root magnesium concentrations changed 
very similarly to calcium concentrations, being greatest 
at pH 6-7 and less at the lower and higher pHs. Like 
calcium, the smallest magnesium concentrations occurred 
with nutrient solutions at pH 4 in each species. 
Magnesium concentrations were greater in 
both shoots and roots of C. glauca than for the other two 
species. 
Zinc - In~. glauca and·~. cunninghamiana 
shoot zinc concentrations appeared to decrease with 
increasing pH, whilst there was no detectable trend for 
C. cristata. Variation within treatments was very large in 
many cases, so the significance of the observed trends is 
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doubtful, although t he i no cul a t ed and uninoculated 
treatments at each pH wer e generally very similar, to some 
extent con fir ming the r ea lity of the differences. 
Roo t zi nc concentrations appeared unaffected 
by pH of cultu r e so l ut i ons - there were no significant 
differences and no obv i ous trends. 
Shoot z i nc con c entrations were smallest in 
C. cunninghamiana, and sl i ght ly gr ea ter in C. cristata 
than inf. glauca . Howeve r , f. glauca had larger 
concentrations for zinc i n t he roots than plants of the 
other species . 
Manganese - The effect of pH of the cultur e 
solutions on shoot manganese concentrations differed between 
species . Whereas inf. c ris ta t a shoot manganese was 
uniformly sma l l i n t he pH r an ge 4-7, and much larger at 
pH 8-9, in the othe r two s pe ci es it was greater at the 
extreme pHs, -and smalles t a t pH 6-7. 
Howeve r , r oot manganese concentrations 
followed a s i mi la r t r end i n a ll species, increasing steadily 
with increas i ng pH . I n ea ch species the concentration at 
pH 9 was mo r e t han fi ve tim es that at pH 4. 
The r e we r e no consistent differences between 
species i n con c en trat i ons of man gan ese in roots, but root 
concentrat i ons we r e aga i n gr ea test in C. glauca. 
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Iron - The concentrations of iron in shoots 
appeared to decrease slightly with increasing pH of culture 
solution, but differences were small relative to confidence 
limits, and i nsign ificant G Alternatively the concentrations 
of iron in the roots were all small for culture solution 
pH 4 and 5, then i ncreased sharply to a maximum at pH 7, 
appearing to be slightly less at higher pHs. The iron 
concentrations at pH 7 were 4 to 5 times those at pH 5 . 
Wh ilst concentrations of iron in shoots were 
greatest for~ - cunninghamiana, there were no consistent 
diffe r ences between species in iron concentrations in the 
roots. 
Discussion 
Small soil pH values may lead to phosphorus 
deficiency . This has been attributed to the effect of high 
aluminium content leading to the formation of virtually 
insoluble compounds with phosphorus, reducing the ability 
of the plant to translocatt phosphates from the soil to the 
vascular system ( Russe ll, 1961; Brown, 1963; Black, 1968). 
Bollard and Butle r (1966) suggested phosphate deficiency in 
plants growing on acid soils was due to high anion exchange 
capacity produced by association of hydroxyl ions, liberated 
mainly from the sesquioxides and to a 1-esser extent from 
clay mine rals. Neitber mechanism was operating in this 
experiment, yet nevertheless root phosphorus concentration 
was less in acidic solutions than at pH 6-7 . 
I· 
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Russell (1961) stated that plant roots are 
unable to absorb phosphates at pH 9 . Certainly the pH of 
the nutrient solution intended to be at pH 9 in this 
experiment did fluctuate, and sometimes briefly fell as 
low as pH 7.5, but there .was no indication of phosphorus 
defic i ency in the shoots at high pH. Root phosphorus 
concentrat ions were less with culture solutions at high 
pH than at pH 7 . 
Many experiments have shown the uptake of 
cations by plants is impaired by acidity of both soils and 
nutr i ent solutions (Black, 1968). This is consistent with 
the results of this experiment, where sodium, potassium, 
calcium, magnesium, manganese and iron concentrations in 
the roots were all depressed at low pH values of culture 
solutions . 
Bollard and Butler (1966) list def ici ency of 
soil calcium or magnesium amongst the causes of adverse 
effects of soil acidity on plant growth . A so il of low pH 
would normally be expected to be deficient in these 
elements, but .even in nutrient solution calc ium and 
magnesium uptake was considerably depressed at low pHs. 
Manganese concentration in the soil solution 
increases as the pH decreases (Black 1968) to the point where 
high manganese concentrations may adverse ly affect plants 
in acid soils (Russell, 1961; Bollard and Butler, 1966). 
Alternatively plants have great difficulty when growing in 
alkaline soils in absorbing enough iron, manganese, boron 
and perhaps other trace elements; this is not because their 
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roots are incapable of absorbing these nutrients from 
solutions at such pH values, but because the nutrients are 
in so insoluble a form that the roots cannot bring enough 
of them into solution for their requirements (Russell, 1961). 
However, in the nutrient solutions of this experiment, 
these elements were in an available form, so the ability 
of the roots to absorb manganese and iron at high pHs was 
clearly demonstrated . Absorpt ion (as indicated by root 
concentrations) of .manganese and iron was very much greater 
at high pH than at l~w pH values . The advantage to the 
plant of this effect is clear - at low pH, when manganese 
is present in high concentrations in soil solutions, 
absorption is small, reducing the likelihood of manganese 
toxicity; at high pH values, when manganese and iron are 
highly insoluble, the abi lity of the roots to absorb these 
elements is much greater. 
Antagonist ic r e lationships between nutrient 
elements have often been r epo rted. Increase in phosphorus 
has been noted, under certain conditions, to be associated 
with an increase in symptoms of zinc, copper and iron 
deficiency (Reuther et al~ 1958). This would probably be 
due to immobilization in the soil, since there was no 
indication in this experiment of an inverse relationship 
between phosphorus and those elements in the plant tissues . 
Ergle and Eaton (1957) found that with 
phosphorus def ici ency in cotton plants there were small 
but rather consistent dec reases in the percentage 
accumulations of calcium, magnesium, potassium and nitrogen. 
i 
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Root calcium and magnesium concentrations in this experiment 
paralleled phosphorus concentrations, but this seems more 
likely to be the effect of pH on the uptake of each element 
rather than a synergistic relation . Nitrogen content was 
inversely related to phosphorus, whilst potassium showed no 
correlation . 
Breyer (1959) reported that when plants were 
given potassium supplements, calcium and magnesium contents 
decreased . Reuther .et al (1958) also found that heavy 
applications of potassium fertilizer were likely to induce 
severe magnesium deficiency in fruit trees in most soil 
situations . There was no convincing evidence in this 
experiment of an inv erse relationship between tissue 
potassium content and calcium or magnesium content. 
Thus it appears that interactions between 
nutrient elements occur only when the foliar concentrations 
vary over a greater range than in this experiment, when a 
nutrient is present in nearly limiting amounts, or when 
the effects are exerted in soil rather than in the plant . 
In this experiment it has been clearly shown 
that pH of the culture solution markedly influences both 
root and shoot growth. The effects on roots might be direct, 
but shoots can only be subject to the indirect effe~ts 
through chemical uptake and translocation . Consequently the 
observed growth differences might reflect nutrient uptake. 
The curves of shoot and root weight against pH are roughly 
parallel to those of root phosphorus, calcium and magnesium 
concentrations . Nb other element appears positively 
correlated with plant weight . 
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This could be taken to imply that phosphorus, 
calcium or magnes iu m a re limiting to growth, but it is 
probable that combinations of many nutrients (and probably 
different elements i n different parts of the pH range) 
influence plant growth. Whilst it is interesting to 
observe the effects of pH on the uptake of dif f erent nutrient 
elements, no one element provides the key to understanding 
the mechanism by wh ic h cultur e pH regulates plant growth. 
Although tbese three species of Casuarina 
occur naturally on so ils of different pH ranges, the effects 
of pH on nut ri ent uptake were essentially similar in each 
species . This f act, together with the similarity of effects 
of pH on gr owth parameters, suggests there has been little 
specific phys i olog ical adaptation to the different pH 
environments in which the species occur . Study of nutrient 
elements suppor ts the sapposition that for these species the 
actual edaph ic ranges do not necessarily represent the 
physiological opt ima . 
Combined nitrogen ex clud ed 
In the series of treatments rom which 
combined nitrogen was excluded from the culture solutions 
the effects of pH on elementa l concentrations in seedling 
shoots and roots were frequently different from those where 
. 
combined nitrogen was supplied. With nitrogen-free 
nutrient solution, the ef fects of pH on growth were overridden 
by seve r e nitrogen deficiency, so a different pattern of 
nutrient uptake is not surprising. 
l 
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Nitrogen - The nitrogen content in this series 
was strongly influenced by the abundance and effectiveness 
of the nodules formed on inoculated plants, and so has been 
discussed elsewhere (Section 6 . 5) . 
Phosphorus - In contrast to the trend when 
combined nitrogen was supplied, in the absence of combined 
nitrogen shoot phosphorus concentration declined with 
increase in pH for all species . Concentrations of phosphorus 
in shoots were gr.eater for C. cunninghamiana and C. glauca 
than C. cristata. 
Phosphorus concentrations in roots showed 
similar effects to those of shoots for~- glauca and 
~- cristata, but for~ . cunninghamiana the maximum phosphorus 
concentrations in roots occurred at culture solutions of 
pH 6-7, and the concentrations were much greater than in the 
other species. For both~. glauca and~- cunninghamiana 
the phosphorus concentrations were slightly greater in the 
uninoculated series - this was probably due to a dilution 
effect in the faster growing inoculated plants . 
Sodium - · The .changes in sodium concentrations 
in seedlings for nitrogen-free treatments followed a similar 
trend to those wher.e combined nitrogen was supplied - the 
concentrations were much greater in treatments to which 
sodium hydroxide was added to regulate pH . 
Shoot sodium ~oncent ations were considerably 
greater for C. cristata than for the other two species. Root 
l 
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sodium concentrations did not differ substantially between 
species . 
Potassium - Potassium concentrations decreased 
with increasing pH in both shoots and roots in the series 
without combined nitrogen . This contrasts to the trend shown 
for the roots when combined nitrogen was supplied and 
potassium concentration increased with increasing pH. 
Both shoot and root potassium concentrations 
were much less in C. cristata than in C. cunninghamiana 
and C. glauca . 
Calcium - Changes in the calcium 
concentrations in shoots were similar in trend in relation 
to nutrient solution pH in the nitrogen-supp lied and 
nitrogen-free series. However, · in the nitrogen-free 
treatments calcium concentration dec reas ed at the higher 
pHs. Shoot calcium concentrations were greater in 
C. cunninghamiana than in the other species . 
The . concentrations of root calcium showed 
a different trend, increasing steadily with increasing pH 
(whereas when combined nitrogen was supp lied root calcium 
concentrations decreased at pHs 8 and 9). 
Magnesium - The concentrations of magnesium 
in shoots showed little effect from different culture pHs;~ 
however, the concentrations in roots, like those of calcium, 
increased steadily with increasing pH. 
I· 
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C. cr is tata contained lesser concentrations 
of magnesium i n both sho ots and roots than did the other 
species . 
Zinc - The conc entrations of zinc in shoots 
showed similar r ea c tion s to nutrient solutions of different 
pH in the ser i es with and without combined nitrogen. 
However, when combined nitr ogen was supplied, root zinc 
concentrations r emained mo r e or less constant across the 
range of pH values tested , whe r eas in the absence of 
combined nitrogen r oot z i nc concentrations generally 
reached a maximum at i nte r. med iate pH values. Zinc 
concentrat i on i n roots .was much greater for~ - glauca 
than for the other species . 
Manganese - Ma nganese concentrations in the 
shoots .fo r the ni t r ogen ~free series showed marked 
departure f r om the t r. end displayed in the series supplied 
with combined ni trogen . In th e presence of combined 
nitrogen the manganese con centration in shoots tended to 
increase wi th i ncr eas i ng pH; in contrast, in nitrogen-free 
treatments shoot manganese concentrations declined with 
increasing pH . Desp i te t his , manganese concentrations in 
roots increased wi th i ncr eas ing pH, a tendency similar for 
both ni trogen-supp li ed and nitrogen-free series. 
f ~ gl aa ca cont a ined higher concentrations of 
manganese in the shoots and much higher concentrations in 
the roots than did t he oth er two species. 
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Iron - The effect of pH on iron concentrations 
in shoots was confused by large variances, but there appeared 
to be a tendency for iron content to decline with increasing 
pH. This is similar to the observed effects of pH on the 
manganese concentrations of shoots described previously . 
The concentrations of iron in roots followed 
similar trends in treatments with and without combined 
nitrogen, increasing with increasing pH, but in the 
nitrogen-supplied ser.ies appeared to reach a maximum at 
pH 7 whilst in the nitrogen-free series reached maximum 
values at pH 8~ Their.on concentrations in roots were 
greatest in C. glauca . 
It is of interest to compare shoot nutrient 
concentrations with root nutrient concentrations . This 
may be studied conven iently by using the quotient shoot 
concentration divided by. root concentration for each 
nutrient element for eacb treatment. Tables 22 . 1-22 . 3 
list these quotients. Each value is the mean for the three 
samples which were separately analysed. 
Neither nitrogen nor phosphorus showed any 
consistent trend witb pH when combined nitrogen was 
supplied . In the absence of combined nitrogen the nitrogen 
quotient tended to .deer.ease with increasing pH in C. cristata 
and~- cunninghamiana, but again there was no noticeable 
trend with pH in~. glauca~ The phosphorus quotient 
decreased with incr-easing pH in all three species in 
' 
treatments without combined nitrogen. 
Table 22.1 
Nit Inoc pH 
+ + 4 
+ + 5 
+ + 6 
+ + 7 
+ + 8 
+ + 9 
+ - 4 
+ - 5 
+ - 6 
+ - 7 
+ - 8 
+ - 9 
+ 4. 
+ 5 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quotients of shoot nutrient concentrations divided by root nutrient 
concentrations 
Species - f. cristata 
N p Na K Ca Mg Zn Mn 
.825 .7 91 .458 1.965 1.744 1.121 .374 5.590 
1.037 .673 .258 1.237 2 . 259 . 614 .486 4.769 
1.071 .7 08 . 257 1.321 1.568 .527 . 534 1.579 
. 950 Q574 . 291 1.188 1.167 .526 .5 33 1.198 
. 986 . 887 . 492 1.212 1.371 .661 .579 1.410 
1.201 1.035 .5 51 1.127 1.270 .765 .7 49 1. 598 
. 856 .773 .678 2 . 699 1.785 1.421 .561 6.157 
1.041 . 663 .310 1.429 1.978 .786 .8 02 4.508 
1.093 .830 .272 1.490 1.429 .489 .787 1 . 416 
1.038 .654 .256 1.051 1.214 .549 .925 1.271 
1.012 .941 .428 1.067 1 . 322 .669 . 450 1.213 
1 . 050 1.017 .517 1 . 039 1.154 .717 .628 1 . 496 
1 . 259 2.039 .555 1 . 500 3.118 2.005 1.068 6.371 
1 . 034 1.770 .480 1.513 3 . 595 1.709 .539 5 . 215 
. 829 1 . 705 . 467 1 . 256 3.275 1.720 .578 4 . 471 
.581 1.565 . 483 1 . 212 2.711 1 . 720 . 383 2 . 356 
. 646 1 . 571 .760 1.520 1 . 488 1.289 . 544 1 . 794 
. 623 1 . 370 . 920 1 . 689 1.178 1.043 .636 1.474 
1.203 1.887 . 491 1.454 3.145 2 . 222 . 863 5.895 
1.011 1 . 862 . 561 1 . 516 3.697 1 . 932 . 824 5.508 
.874 1.513 . 488 1 . 201 2.521 1.600 .442 3.464 
. 618 1 . 401 . 643 1.375 2 . 361 1. 489 .755 1.904 
.779 1.503 1.052 1 . 740 1 .. 331 1.177 .695 2.416 
.750 1 . 415 .896 1.825 .9 07 . 855 .633 1.772 
Fe 
.274 
. 205 
. 082 
. 049 
. 037 
. 043 
.3 25 
.302 
.070 
.070 
.043 
.048 
. 463 
.340 
. 104 
.068 
. 060 
.052 
. 403 
. 308 
. 068 
.069 
.039 .-
.026 °' N 
. 
Table 22.2 
Nit I no C p-H 
+ + 4 
+ + 5 
+ + 6 
+ + 7 
+ + 8 
+ + 9 
+ - 4 
+ - 5 
+ - 6 
+ - 7 
+ - 8 
+ : 
- 9 
+ 4 . . 
+ 5 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quotients of shoot nutrient concentrations divided by root nutrient 
concentrations 
Species - ~- cunninghamiana 
N p . Na K Ca Mg Zn Mn 
1.632 1.664 . 099 1.390 2.087 1.045 0557 3 . 939 
1.906 1.041 .049 1.246 2.200 . 493 .514 2 . 859 
1.830 1.185 .054 1.093 1.347 .490 .418 1.072 
1.634 1 .1 48 .058 1.001 1.096 . 516 . 391 1.003 
1.475 2 . 041 . 059 .727 1.535 .801 . 320 . 942 
1.338 2 01 66 .07 9 . 699 1.626 . 877 .361 . 813 
1.396 1.505 .087 1 . 238 1.912 .776 . 292 3.701 
1.681 1.031 . 04 1 1.009 2.036 . 627 . 493 3.186 
1.890 1.133 .036 .9 26 1.508 .443 . 502 1.633 
1 . 797 . 863 . 044 .691 1.152 .471 . 454 1.247 
1.618 1.678 .093 .736 1.308 .649 .250 1.142 
1.322 2 .11 3 .097 .664 1.622 . 881 . 324 .890 
1.404 . 957 .343 1.295 5.855 2.220 .860 8 . 493 
1.741 .918 . 284 1.169 5.661 1.916 .71 9 6 . 319 
1.501 . 560 .1 60 1.047 2 . 674 1.147 .372 2.554 
1.136 . 502 .1 23 . 949 2.032 1.134 . 3.17 1 . 058 
1.033 . 511 .1 67 .7 61 1 . 772 .997 .540 .805 
1.014 . 632 .1 48 .766 10709 1.094 . 485 . 601 
1 . 089 . 863 .1 68 1 . 150 5.212 2.153 .812 7.016 
1.295 . 921 . 249 1.416 6.523 1 . 876 1.205 5 . 534 
1.077 .699 . 238 . 885 6 . 367 1 . 313 .908 2 . 723 
.758 . 624 . 267 . 840 4.719 1 . 346 .802 1.569 
. 686 .407 .180 .777 1.977 1.113 .713 1.048 
.484 .384 . 211 .678 1.582 . 964 .812 .619 
Fe 
. 345 
.403 
.1 44 
. 067 
. 072 
.081 
.314 
.433 
.13 4 
. 080 
. 081 
.071 
.381 
.301 
.127 
. 068 
. 080 
.081 
. 510 
.306 
. 1 1 1 
.066 
. 023 ..... 
. 030 °' w 
• 
Table 22 . 3 
Nit Inoc pH 
+ + 4 
+ + 5 
+ + 6 
+ + 7 
+ + 8 
+ + 9 
+ - 4 
+ - 5 
+ - 6 
+ - 7 
+ - 8 
+ - 9 
+ 4 
+ 5· 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quot i ent s of s hoot nutr i ent concentrat i ons di vi ded by root nutr i ent 
co ncentrations 
Species - f. glauca 
N p Na K Ca Mg Zn Mn 
10410 10066 0157 10363 2.209 10126 0456 20754 10422 1 . 054 0136 10436 10544 .615 .478 1.670 10151 1 0059 0144 10504 .955 0485 0444 0776 1.134 0761 0105 1.293 0586 .506 0383 .652 1 0045 1 0417 0135 1.090 1.051 .962 .310 0830 1 . 064 1 0390 0147 10158 10124 .964 0325 .779 
10247 1.034 . 165 1.353 10763 .903 .427 3 0150 1 . 367 0938 . 100 1.109 1.568 0698 .429 2 0 101 10253 " 0 942 0105 10335 .910 .439 0403 .853 1 . 149 0620 . 054 .982 0627 .425 .488 .619 10209 0979 ol40 .902 .813 .796 0 18-6 0859 1.079 1 0234 0162 .896 1 0191 1.071 .344 0654 
0733 1.641 . 334 .719 30891 2.458 .817 5.442 1 0226 1 0862 0225 1.073 3.055 1.990 .. 573 40444 1 . 058 1.891 . 195 1.141 2.195 1.460 .274 2.754 0654 10532 . 353 1.183 10852 1.476 .278 .665 0741 1.456 0210 l e156 1.477 1.285 .366 .529 0657 10335 . 258 10152 10313 1. 126 .361 .410 
0958 1.526 01 89 0725 4.945 2 0334 0509 50324 0991 10955 0218 0970 3.421 2.049 .404 4.599 0470 10734 .3 19 0891 30193 1.837 .428 1. 17 9 0418 1 0436 0415 .967 20421 10528 .373 .591 
. 481 0791 .224 1.050 .957 1.108 0488 .544 0430 .7 98 0213 1.052 .986 1.088 .479 .528 
Fe 
.406 
.160 
0068 
.048 
0043 
0067 
.301 
.224 
.049 
0058 
.051 
.039 
.137 
.169 
. 076 
0040 
0036 
.034 
. 167 
.153 
0064 
.026 
0013 
.016 .-
°' ~
. 
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Shoot concentrations of both nitrogen and 
phosphorus were approximately equal to the corresponding 
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root concentrations. The results suggest that under nitrogen 
stress, nitrogen was removed from the shoots to favour the 
roots. This would have ecological advantages both by 
enabling the roots to continue growing and penetrating new 
patches of soil, and by providing nitrogen to enable nodule 
growth before significant fixation had begun in the nodules. 
There was no consistent trend with pH in 
the quotient for sodium~ However, there were marked 
differences between species~ In C. cristata the quotients 
were consistently greater than they were for f. cunninghamiana 
and f o glauca ~ For all three species the quotients were 
greater in the series of treatments from which combined 
nitrogen was excluded o In C~ cunninghamiana supplied with 
combined nitrogen root sodium concentrations were up to 
twenty-five ti-mes greater than the corresponding foliar 
concentrations, and were never less than ten times greater. 
Where potassium showed a recognizable trend, 
the ratio of shoot potassium content to root potassium 
content decreased with increasing pHo This applied both 
to treatments witb and without combined nitrogen . The 
quotients were all about unity, there being little difference 
between shoot and root concentrations and between the 
quotients of the different specieso 
The quotients for calcium and magnesium 
followed similar trends, and so can be discussed together . 
These quot ients decreased with increasing pH, in treatments 
with and s i tho ut combined nitrogeno Quotients were greater 
in the ser i es without combined nitrogen, and differences 
between speci es were minor . 
The quotients for zinc showed no consistent 
trend wit h pH, and no consistent difference between specieso 
Howeve r, i n Casuar.ina canninghamiana in the series 
without comb ined nitrogen nodulated treatments appeared to 
have a lowe r quotient than treatments without nodules at the 
same pH o 
Manganese and iron showed similar trends, 
although the absolute magnitudes of their quotients differed. 
The quot i en t s of botb these elements decreased with 
increasing pH , with values at pH's 4 and 5 being much 
greate r. tha n those at .higher pH'so There were not great 
dif f e r ences between the species, but the magnitudes of 
the quo tients of these .two elements differed considerably. 
At the l ow pH's, concentrations of manganese in the shoots 
we r e three to eight times those in the roots, whilst the 
ir on conc entrations of the shoots were about one third 
those of the roots o With more alkaline nutrient solutions, 
the shoo t manganese concentrations were approximately the 
same as r oo t concentrations (or about one half the root 
conce nt r a tions in~. glauca) whilst shoot iron concentrations 
fell gene rally to about one-twentieth of the corresponding 
root concen trationso 
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Clearly the pH of the nutrient solution 
influences not only the uptake of nutrient elements but 
also the distribution of the nutrients within the plant. 
This is most marked in the case of iron where the quotient 
of shoot concentration divided by root concentration at 
pH 9 may fall to 10 - 20% of the quotient at pH 4. For 
most elements there was a tendency for the quotient to 
decrease with increasing pH. 
Further.mor.e, nitr.ogen supply also affects 
the quotient, and marked differences sometimes occur 
between the three specieso 
A convenient means of studying the effects 
of nitrogen supply on uptake of other nutrients is to use 
ratios of concentrations of each nutrient in the combined-
nitrogen-supplied series to concentrations of the same 
nutrient in the equivalent treatment without combined 
nitrogen. Such ratios, expr-essed as quotients, are listed 
in Tables 23~1-23~6~ Eacb r.atio is the mean of ratios 
calculated separately for each of the three samples per 
species/treatment o 
Nitrogen, pr.edictably, was present in greater 
concentrations in seedlings supplied with combined nitrogen 
than in seedlings not supplied with combined nitrogen, as 
shown by the quotients greater than 1. In the shoots of 
fo cristata the difference between nitrogen-supplied and 
n i tr o gen - ex c 1 u·d e d s er i es w 1 den e d w i th i n c re as i n g pH from a 
Table 23.1 
Inoc pH 
+ 4 
+ 5 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quotients of shoots nutrients - nitrogen supplied divided by nitrogen 
excluded 
Species Co cristata 
N p Na K Ca Mg Zn Mn Fe 
1.876 0373 l o122 lolOO .808 .762 0408 .213 .595 
20004 0445 0870 10096 .927 0803 .422 .255 0684 
20230 .480 1.113 10145 08 96 .705 .443 .294 .784 
20259 .526 .884 1 . 233 .867 .686 .600 .324 .951 
30267 .815 2.317 1.352 .853 0692 .537 0557 .487 
4.294 l o175 1.577 1.293 .9 66 .844 .661 . 882 1.048 
10853 0373 .974 1.112 .734 0715 .522 .217 .57 8 
2 . 227 .388 1.023 1.224 .835 .738 .575 .310 .830 
2 . 472 . 580 1.320 10521 1.092 .815 .813 .351 1.087 
2 . 651 .55 9 .835 1.426 .964 .825 .674 .410 .881 
3 . 458 . 902 2.315 1.494 .955 0882 .667 .583 1.224 
3.662 1.060 2.394 1.424 1.089 1.147 .906 .871 2.484 t-1 0) 
00 
. 
Table 23 o2 
Inoc pH 
+ 4 
+ 5 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quotients of shoots nutrients - nitrogen supplied divided by nitrogen 
excluded 
Species - £0 cunninghamiana 
N p Na K Ca Mg Zn Mn Fe 
20721 ,, 94 7 10112 .919 c786 07 12 . 526 .234 1.446 
10663 "738 09 66 c811 "579 .533 .411 0232 lol69 
. 
10234 1 .. 075 10200 07 89 0677 .667 0427 0351 1.299 
10091 10232 0799 .8 23 0773 0701 047 9 .397 loll3 
10416 1 .. 689 10477 08 44 0768 .747 .292 0525 .749 
1.606 lo851 10634 0817 .748 0727 0463 0613 1.068 
3.006 .842 10251 0799 0690 .655 0330 0216 1.082 
20383 0681 0743 .786 .603 .563 03 64 .283 10842 
20418 "673 0814 .771 .510 .532 .288 .233 10136 
2.535 0770 0906 0875 0522 0532 .326 .268 10017 
3.972 1.634 20745 10068 .695 .744 .253 .623 2.202 
40718 20325 20810 10210 0838 .911 .314 .589 1.825 
...... 
0) 
"° . 
Table 23 . 3 
I nc e pH 
+ 4 
+ 5 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Me a n quo ti en ts of shoo t s nutrients - nitrogen supplied div i ded by nitrogen 
exc l uded 
Sp ecie s - f . glau ca~ 
N p Na K Ca Mg Zn Mn Fe 
2.122 .395 l., 931 1.17 6 .779 .781 .314 . 181 1.593 
1.528 .447 3.142 .913 .780 .792 .347 ,_ .248 lc086 
. 940 .477 3.307 .748 .725 .688 .385 .245 1.203 
1~123 "453· 1.815 .792 .776 .713 .403 .269 1.010 
1.393 .780 2.865 .874 .740 .830 .268 .413 .597 
1.728 1 . 013 2.547 .994 .915 .924 .372 .460 1.037 
2 . 035 . 399 1.774 .942 .717 .741 .354 .174 1.052 
1 . 942 . 363 2 . 128 .968 .763 .776 .311 .228 1. 13 9 
2 . 278 . 347 2 . 268 1.036 . 695 .621 .280 .216 .634 
2.616 .389 1.387 1.'·014 .747 .656 .417 .265 1.618 
3 . 238 .943 5.945 1 . 215 .920 .947 .284 .337 1.660 
3 .738 1.022 3.799 1 .1 86 .863 .894 .315 .399 1.247 
...... 
...... 
0 
• 
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Table 23.4 
Inoc pH 
+ 4 
+ 5 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quotients of roots nutrients - nitrogen supplied divided by nitrogen 
excluded 
Species - f. cristata 
N 
2 896 
2 0004 
1 . 732 
10383 
2 0342 
2 . 229 
20611 
2 . 170 
1 .. 968 
1.600 
2 . 659 
2 . 620 
p 
0976 
l ., 167 
1 .. 143 
1 .. 441 
1 o-638 
l c555 
.. 921 
1.099 
1 . 063 
1.202 
l c419 
1 0542 
Na 
l c288 
1.649 
1 0906 
1 .. 467 
3 0464 
20603 
0715 
1 .. 850 
2 . 485 
2 . 035 
50834 
4 . 143 
K 
0858 
1 . 344 
l c091 
1 0282 
1 Q719 
1 . 900 
0634 
1 . 312 
1 0250 
1 . 845 
. 
2. 428 
2 0507 
Ca 
1.502 
1 0523 
lo858 
2 0072 
0933 
0894 
1.300 
1 . 566 
1.923 
1 . 900 
0955 
.870 
Mg 
10377 
2 0246 
2 0313 
20233 
10346 
10151 
1.088 
1 . 836 
20683 
2 . 240 
1.550 
10381 
Zn 
10220 
0544 
0419 
0416 
.425 
.453 
.843 
.562 
.495 
.532 
1. 114 
1.015 
Mn 
.244 
. 288 
.818 
0662 
0716 
.813 
.208 
.385 
.968 
0620 
1.156 
1.062 
Fe 
.951 
1.000 
1.005 
1.137 
.734 
1.009 
.714 
.860 
1.007 
.835 
0899 
1 . 220 t-,a ....... 
t-,a 
~ 
Tabl e 23 c5 
Inoc pH 
+ 4 
+ 5 
6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quo ti ents of r oo t s nu tr ients - nitrogen supplied divided by nitrogen 
exc l uded 
Sp eci e s - f 0 c unn i ngh ami a na 
N p Na K Ca Mg Zn Mn Fe 
2 0327 0558 3 0621 088 9 20205 10537 0770 0508 10731 
1.529 "649 5 07 48 0813 1 .. 490 2c127 .585 .. 527 0986 
10023 0506 3.417 . 758 1 0387 10571 .387 .835 1.187 
.7 57 0540 1 0590 0806 1 0441 1 0541 0407 .431 10147 
0993 0430 3.873 . 901 0890 .927 0478 0453 .857 
1 . 226 . 566 30138 . 912 0817 0915 0607 .480 .939 
2 0389 0487 20469 . 759 1.941 lo8l4 .937 0418 10159 
1 0831 0596 4 0495 10091 1 0932 1 0661 .803 .487 1.141 
10379 0421 5.556 0738 2 0159 1.567 .507 .389 · .874 
1 0060 0556 50428 1 0063 2 0158 10488 0586 .335 .699 
1 . 669 c393 50767 1 0128 1 0091 1.294 .697 0583 .640 
lo687 0437 50936 1 0236 .829 1.005 090 4 .417 .731 
...,.a 
'-J 
N 0 
Table 23.6 
Inoc pH 
+ 4 
+ 5 
' 
+ 6 
+ 7 
+ 8 
+ 9 
4 
5 
6 
7 
8 
9 
Mean quotients of roots nutrients - nitrogen supplied divided by nitrogen 
excluded 
Species - f 0 glauca 
N p Na K Ca Mg Zn Mn Fe 
10100 . 608 4 0264 . 629 1.375 1.704 .542 .357 . 525 
1 . 321 . 818 50160 c689 1 . 542 2 0573 .422 0 657 1 . 155 
0870 .. 862 4 . 561 . 570 1 . 678 2.062 .237 e857 1.392 
. 648 . 91 7 6 . 091 . 721 2.555 2 0074 .295 0275 . 857 
. 981 . 799 4 . 441 . 921 1.067 1 . 125 .326 .266 .504 
1 . 068 . 976 4 0418 . 981 1 0119 1.124 .419 .242 .538 
1 . 566 . 569 2 . 238 . 521 2 . 030 1.922 .438 .313 .640 
1 . 412 . 740 4 . 861 . 845 1 0675 2.326 .288 .490 .794 
.856 . 646 6 0467 . 693 2.444 2.628 .304 ., 299 .817 
. 947 . 893 10 . 369 1 . 003 2 . 906 2.351 .318 . 253 .770 
1 . 289 0766 9 . 386 1 . 416 1.082 1.318 .740 . 215 . 438 
1 . 50 2 . 66 7 5 . 506 1 . 386 . 737 .924 .438 . 321 . 517 
..... 
'-' 
w 
0 
ratio of less than 2:1 for nutrient solution at pH 4 to 
about 4:1 at pH 9. A different pattern was found for the 
roots of fo cristata, where nitrogen concentrations were 
most similar at pH 6-7, the differences increasing towards 
the more extreme pH values for nutrient solutions. 
In the shoots of both C. cunninghamiana 
and f. glauca nitrogen concentration of inoculated seedlings 
grown without combined nitrogen approached nitrogen content 
of seedlings grown with combined nitrogen supplied, 
particularly for nutrient solutions with pH 6-7. At a 
nutrient solution pH of 6 the nitrogen concentration of 
inoculated seedlings of C. glauca without combined 
nitrogen actually exceeded that of seedlings grown with 
combined nitrogeno 
A similar situation occurred for the roots of 
these species, the ratios for uninoculated roots following 
much the same trend with changing nutrient solution pH 
as for roots of inoculated seedlingso 
The concentrations of phosphorus, calcium, 
magnesium, zinc and iron in the shoots of seedlings grown 
without combined nitrogen exceeded those of seedlings in the 
nitrogen-supplied series in C~ cristata. For£. glauca 
this did ~at apply to iron, and in fc ~unninghamiana 
neither. phosphorus nor. iron concentrations were consistently 
greater in the nitrogen-excluded series. 
For all three species the concentrations of 
phosphorus and manganese in the shoots of the series without 
175. 
combined nitrogen tended to increase with increasing pH 
relative to concentrations of these elements when combined 
nitrogen was supplied~ Calcium, magnesium, zinc and iron 
showed no consistent change witb differences in pH of the 
nutrient solution except that the ir~n quotient was very 
small at pH 8 in each species (in inoculated series only). 
For all species sodium was more concentrated 
in the shoots of seedlings in the nitrogen-supplied than 
in the nitrogen-excluded series. 
Only zinc and manganese were consistently 
present in greater concentrations in the roots in the series 
without combined nitrogen for all specieso The 
concentrations of iroo in the roots frequently behaved 
similarly, as also did potassium in the inoculated series 
of.£. cunninghamiana and£. glauca, and phosphorus in 
inoculated and uninoculated series of these two species. 
Sodium, potass ium (except in tbe cases mentioned previously), 
calcium and magnesium wer.e present in the roots in greater 
concentrations in the series supplied with combined nitrogeno 
In summary differences between concentrations 
of nutrient elements in seedlings grown with and without 
combined nitrogen varied witb pH of nutrient solution, 
with inoculation, between species, and between roots and 
shoots. 
Nitrogen fixation in nodulated plants of 
C. cunninghamiana and£. glauca grown in the absence of 
combined nitrogen increased nitrogen concentrations to 
similar concentrations to those occurring in seedlings 
supplied with combined nitrogen. 
176. 
Comparison of tbe ratios of concentrations of 
different pairs of nutrients yields interesting information. 
Inevitably such a study is very complex, since there are 72 
ratios covering all combinations of the nine nutrient 
elements for each of the 72 species/treatment combinations, 
and for roots and shoots separatelyo This represents over 
10,000 ratios listed in tables 24.1-24054, of which half 
are reciprocals of the remainder. 
Again, it is helpful to consider separately 
the series with and without combined nitrogen supplied. 
The series with nitrogen supplied will be discussed first. 
In the shoots tbe ratios of nitrogen to all 
other elements varied acco~diog to pH. The quotients of 
nitrogen divided by pbospborus, calcium, magnesium and zinc 
were all smallest at nutrient solution pH values of 6-7, 
being greater at tbe extreme pH values, except in 
~- cunninghamiana and f. glauca, where nitrogen:magnesium 
did not vary greatly between pH values 6 and 9. 
The ratios of nitrogen to potassium and iron 
widened slightly with increasing pH~ The ratio 
nitrogen:iron did not var.y consistently with pH, and the 
nitrogen:sodium ratio was dominated by the effects of large 
concentr.ations of sodium for nutrient solutions at pH 
.values of 8 and 90 
Tber.e were marked differences between species 
in some of these ratios. Nitrogen was 306-5.5 times more 
concentrated than phosphorus in the shoots off. cunninghamiana , 
177. 
5-7 times more concentrated ic C~ glauca, and 7-10 times 
more concentrated than phospborus in C. cristata. 
Alternat ively nitrogen was 140~200 times more concentrated 
than sod ium in£~ cunninghamiana seedlings in treatments 
in which sodium hydroxide was not added to the nutrient 
solution, whilst the corresponding factors for f. glauca 
and C~ cristata wer.e 20-Z0 and 40-55 respectively. 
Nitrogen/mag nesium and nitrogen/manganese quotients were 
slightly less for £~ . 9laaca tban the other species. 
Nitrogen/ zinc quotients were greater and nitro~en/iron 
quotients less for f. cunninghamiana than the other species. 
The corresponding ratios fqr root tissue were 
generally similar for nitrogen:phosphorus, potassium and 
calcium, although variation with pH .was greater in the roots. 
There were very marked differences between shoot and root 
ratios for nitrogen against tbe other elements . Nitrogen 
divided by sodium concentratior ranged from 206-6 . 9 in 
roots of£~ glauca, 4-10 info cunninghamiana, and 10-32 
in C~ cristata (compared with 20~70, 140-200 and 40-55 
r espect ively for the sboots)o Nitrogen:zinc, and 
nit rogen:iron ratios were similarly much less in roots than 
in shoots . N1trogen:manganese showed a different reaction 
in roots compared with shoots; variation with pH being 
much more exaggerated in tbe roots, with ranges of 120-850, 
100-450, and 60-280 in£. cristata, £. cunninghamiana 
and £0 glauca respectively (compared with 90-120, 130-200 
and 87-110 in the shoots) ~ The root quotient 
nitrogen /manganese decreased sharply with increasing 
culture solution pH. 
< 
178. 
Shoot ratios of phosphorus against other 
nutrients again showed some variation with culture solution 
pH, but this was much less pronounced than for nitrogen. 
The quotient phosphorus/calcium was greatest at pH 4, whilst 
phosphorus/z inc was greatest at pH 8-90 
Root ratios of phosphorus against other 
nutrients were more sensitive to differences in the pH of 
the cultu re solution, pa~ticularly phosphorus/manganese 
and phosphorus/ iron, which decreased dramatically with 
increasing pHo Differences between species were again 
marked, as were diffe~ences between shoots and roots. 
Phospho~us /sodium values were in the ranges 39-59, 5-12, 
and 4 06-6 .8 in tbe sboats of£. cunninghamiana, £. glauca, 
and£~ cristata re~pectively {excluding treatments at pH 
8-9), . and lo8-2~6, 0. 6~199 and 1~9~4ol in the 
co rresponding roots~ Phosphorus/potassium was greater in 
roots of Co cristata than in shoots (0.2-0o5 compared 
with 0.14~0 o2} 9 but tbis was less pronounced in£. glauca 
and£. cunninghamiana ~ The quotients potassium/magnesium 
and potassiumtzinc tended to be smaller in the roots of 
£. cunninghamiana and£~ glauca than in the shoots, but 
differed little in Co cristata~ Root values for 
phosphorus/iron ranged from 2-14, 2-16 and 2-13 in the three 
species, these being much less than the ranges of about 
30-70 in the shootso Phosphorus/manganese in the roots 
covered tbe ranges 13~108, 12-100, and 8-60 in£. cristata, 
£ . cunn inghamiana and£. glauca respectively, compared 
with cor responding ranges of 9-17, 30-55, and 14-20 in the 
shoots . 
Shoot ratios of sodium against other nutrient 
elements were dominated by large values at culture solution 
pH 8 and 9 due to gr.eat sodium concentrations at these pH 
ranges. Ratios for£. cunnioghamiana were consistently 
smaller than for the otber two species, but variation 
between C. cristata and Co glauca was not consistent over 
all elements ~ For most elements the ratios were greater 
in C. cristata, but sodiumtzioc covered the range 22-223 
in Co cristata and 16-260 in Co glauca. 
Values of quotients of root sodium concentrations 
divided by concentrations of other nutrients differed greatly· 
from corresponding shoot values o There were also marked 
differences in the root values between species o For example 
root sodium/calcium values we~e within the ranges 0 . 15-008, 
0.2-1.4 and 0 . 2-1 06 in£~ cristata, £. cunninghamiana and 
£. glauca respectively, compared with 0 . 04-0 . 34, 0o0l-0 . 08, 
and 0.03-0 . 2 in the shoots. 
Shoot quotients of potassium did not vary 
consistently with culture solution pH, except 
potassium/calcium and potassium/magnesium which tended to 
decrease with increasing pH ~ Some root quotients of 
potassium differed greatly from shoot quotients while others 
differed only slightly ~ Differences between shoot and root 
values wee least for. potassium/calcium (pa r ticularly for 
£0 glauca) and greatest for potassium/iron . Potassium/iron 
values cover.ed the ranges 9~45~ 11~43, and 9-49 in the roots 
of£~ cristata, £ ~ cunninghamiana and£. glauca, compared 
with 190-400, 100-160, and 170-410 in the shoots. 
Ratios of calcium, magnesium, zinc, manganese 
and iron also varied with pH of culture solution, between 
species, and between shoots and roots. There seems no 
need to discuss these in detail~ since in a general sense 
the variation is similar to that already discussed for 
other elements aboveg 
In the series of treatments from which 
combined nitrogen was excluded from the culture solutions, 
nutrient ratios were frequently very different from those 
for nitrogen-supplied tr.eatments o This was most pronounced, 
predictably, in ratios involving nitrogen concentration. 
Generally the quotients nitrogen concentration 
divided by other nutr.ient concentrations were smaller in 
the nitrogen- free series 9 reflecting lesser nitrogen 
concent rations ~ However. 9 the extent of such differences 
varied gr.eatly between nutrients o For example, in shoots of 
£Q cunninghamiana 9 nitrogen/phosphorus ranged from l oO to 
208 in un,noculated seedlings grown without combined 
nitrogen, and from 3~6 to 5~5 in seedlings supplied with 
combined nitrogen ~ The corresponding ranges of nitrogen/zinc 
were 180 to 270 in the ni t r ogen~free series, compared with 
1600 to 3500 when nitrogen was supplied . 
Although these quotients were generally 
smaller in the nitrogen-~ ~ee series, i n some cases they were 
actually larger. Nitrogen/sodium in the roots of 
£. cunninghamiana and C. glauca are examples of this 
unexpected phenomenon o 
Nodular nitr-ogen fixation, by elevating tissue 
nitrogen concentrations, tended to return these quotients 
towards those occur.r.ing in treatments with combined nitrogen 
s u p p 1 i e d o T h i s i s most c 1. ea r 1 y s e e n i n r a t i o s f o r t h e s h o o t s 
of C. cunninghamiana and f. glaucao 
There are differences in the quotients of 
nitrogen divided by otber nutrients between culture 
solution pH values, between shoots and roots, and between 
species, but these are not discussed in detail since they 
follow similar trends to tbose already discussed in the 
series with combined nitrogen supplied. 
The ratios of phosphorus to other nutrients 
also differed between nitrogen-supplied and nitrogen-excluded 
serieso 
Phosphoras/sodium values were greater in the 
nitrogen-free ser.ies in botb shoots and roots of Co cristata 
and f~ glauca, and ln the roots off~ cunninghamiana. 
However, in the shoots of~~ cunninghamiana there was no 
difference in phosphorus/sodium between nitrogen-supplied 
and nitrogen-free series. A simtlar situation occurred 
with phosphorus/potassium, phosphorus/calcium, and 
phosphorus/magnesium o 
0 n t h e o t b e r ha n d , p ho s p.h o r u s / z i n c a n d 
-phospborus/manganese values were generally smaller in the 
nitrogen-free series than in the nitrogen-supplied series. 
Quotients of sodium/other nutrients tended 
to be smaller in the nitrogen-free series, indicating 
r ed uc ed uptake of sodium relative to other nutrient elementso 
Th i s occurred in shoots and roots of all three species . 
The ~ffect of nitrogen supply on ratios 
invo l ving potassium were less consistent. 
Potassium/calcium values for shoots were 
small e in the nitrogen-free series than the nitrogen-
supp li ed series; tbe opposite applied to potassium/calcium 
fo r r oot so Potassium/magnesium reacted similarly. 
Potassium/zinc, .potassium/manganese and 
pota ssium/iron were generally smaller in the series 
wi tho ut combined nitrogen, but potassium/iron varied much 
mo r e in the nitrogen~fr.ee se~ies, particularly in the 
r oo ts of Co cunninghamiana and £0 glauca, so that at 
cult ur e so lution pH 9 these quotients were much smaller 
in the nitrogen-free series tban the nitrogen~supplied 
series, whilst at pH 4 (for Co cunninghamiana) they were 
larger o 
Calcium/magnes ium values were not greatly 
affected by nitrogen supply, pa rticul ar ly for £0 glauca 
and £0 cunninghamiana o Calcium/zinc, calcium/manganese, 
and root values of calcium/iron were smaller for the 
nitrogen-free series, bat 1hoot values of calcium/iron were 
larger for the nitrogen-free series, particularly for 
C. cunninghamiana and £e glauca e 
Magnesium/zinc and magnesium/manganese were 
r educed in the absence of combined nitrogen, as were root 
values of magnesium/iron . However, shoot values of 
magnesium/ ir on w~re greater in the nitrogen free series. 
Zi nc/ manganese values were not greatly 
affected by nitrogen supply~ but zinc/iron increased in 
the absence of combined nitrogen . 
Manganese/ir.on values were greater in 
treatments without combined nitrogen than in treatments 
w i t -h n i tr o g e n s u p p 1 i e d . 
Conclus i ons 
183. 
Soil pH is an impor.tant factor influencing 
plant growth in natur.al environments . Study of soil 
samples collected fr.om stands of Casuarina glauca, 
~- cunninghamiana, and C. cristata indicated that these 
species occu r on soils with different pH ranges. 
Seedlings of these three species were grown 
with the ir roots in nutrient solutions adjusted to a wide 
range of pH values (appr.oximating the range normally 
encountered in soils), and marked differences in growth 
occurred for each species accor.ding to the pH of the 
nutrient solution . However~ whilst the growth rates 
diffe red gr~atly between the different species, response 
to pH was similar for all tbr.ee species even though they 
occur naturally on soils of different pH values. 
Nutrient solution pH might directly affect 
the growtb of roots, but the effects on shoot growth mus t 
be indirect. A likely means by which nutrient solution pH 
influences shoot growth is through effects on the uptake 
and translocat i on of nutrients . 
184. 
These studies of nutrient uptake have shown 
nutrient uptake to be great ly influ enced by the pH of the 
nutrient solution . Nutrient solution pH also affected 
the relative proport i ons of nutrients taken up and their 
distribution within the plant ~ Probably growth is 
influenced by a combinat i on of many nutrients rather than 
' 
a single element . Presumably under more natural conditions 
the effects of pH are partly exerted through chemical 
changes in the form and solubility of the nutrients 
occurring in the soil . 
These studies also suggest the absolute 
concentrat i ons of nut r.i en t elements and the ratios between 
nutrient elements va ry accor.ding to the type of plant 
material, the spe cies of Casuarina, and the nitrogen status 
of the growth medium. 
Desp ite the relationships shown between the 
pH and chem ic al composition of the nutrient solutions and 
the growth and uptake of nutrients by seedlings grown under 
experimental glasshouse conditions, no close relationship 
was found between the foliar concentrations of nutrients and 
soil propert i es for a range of natu ral Casuarina glauca 
stands . The whole problem of plant nutrition under field 
conditions is complex, par,ticularly in wet situations, 
and more detailed study is required in field investi gations 
than was possible in the time available . 
185. 
7 HOST-ENDOPHYTE SPECIFICITY 
7.1 Introduction 
The degr.ee of specificity existing between 
nodule organisms and their basts is a matter of considerable 
importance. Can any non-leguminous nodule organism form 
nodules on any non-leguminous bast? As early as 1918 Miehe 
reported that althougb tber.e appeared to be no specificity 
within both Alnus and Casuarina~ organisms from one genus 
would not form nodules on tbe other (Bowen, 1966). More 
recent work (Rodr.iguez~Barrueco and Bond, 1968) has shed 
further information on this~ at the generic level, Al nus, 
Myrica, Casuarina, Coriaria and Ceanothus, all of 
different families, are not considered cross-inoculable. 
On the other hand, full cross~inoculation was demonstrated 
between the genera E1aeagnus, ~Shepherdia and Hippophae, 
which together comprise the family Elaeagnaceae, but there 
is no record of cross~inoculation between these genera 
and others listed above . 
Given that diffe rent genera are normally not 
cross-inoculable, is there specificity within these genera? 
Parker (1932) suggested that one strain of the nodule 
organism infects all species of Casuarina. Mowry (1933) 
reported experiments which appeared to a-nswer this question 
conclusively. He placed pieces of nodule obtained from 
roots of£. lepidopbloia (£ •. cristata) in soil at the 
bases of seedlings of the following nine species: 
186. 
C. cunningbami.ana 
C • lepidophloia (f. c r i s ta ta) 
C. egu isetifolia 
C. montana (f. junghuhniana) 
C • fraseriana (f. fraserana) 
C • sumatriana (Gymnostoma s p . ) 
C • glauca 
C. tenuissi.ma (f. torulosa) 
C • triangularis (not a known species) 
Infection with typical nodule formation occurred on all 
these species, whilst uninoculated plants did not nodulate. 
Mowry then reported successful cross 
inoculation, by the same method, between 
C. glauca 
C. montana 
C. tenuissima 
C. eguisetifolia 
Eight combinations were tested. 
These results have since been taken to 
indicate full cross-inoculability within Casuarina . 
Bond (1957 a) concluded 'from Mowry's work that it is 
i mm a t e r i a 1 , a t 1 e a s t fr. om t b e p o i n t o f v· i e w o f s e c u r i n g 
nodule formation, if the nodales to be used for inoculation 
are from anothe r species of Casuarina . On this basis Bond 
conducted experiments on C. cunninghamiana and f. eguisetifol i a 
in which the source of inoculum may have been f . sumatrana, 
c. cunninghamiana, C. glauca, and C. eguisetifolia from 
two locations . 
187. 
However, close~ inspection of Mowry's work 
reveals that in all his cross~inoculation tests, the nodule 
organism appea r.s to bave originated from a single source . 
In addition, although Mowry reports successful nodulation 
on each of the nine species inoculated with a single 
inoculum, he does not indicate whether a.11 these species 
were equally effect iv e in fixing nitrogen, or even whether 
there was any evidence of nitrogen-fixation in this 
experiment . 
More recent work has provided evidence of 
intra-generic specificity in the host-endophyte 
relationship in other non-leguminous nitrogen-fixing genera. 
Bond (1962} grew plants of Coriaria myrtifolia 
and C. japonica in soil obtained from near plants of the 
former species . Although some plants off. myrtifolia 
formed nodules, no nodules formed on f. japonica . 
Gardner .and Bond (1966) reported that when 
seedlings of Myrica cerifera and M. cordifolia were 
inoculated with crushed nodules from M. gale, nodules 
which were normal in appea rance but sparse in number formed, 
and the plants showed little benefit from them. 
Rodriguez-Bar.rueco (1966, reported in Bond, 
1967 a) found tbat wben inoculated with Alnus glutinosa 
nodules the South American species Alnus jorullensis 
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produced nus a ly n merous small nodules fixing little or 
no nitrogen o 
Rod ig ez-Ba ueco and Bond (1968) inoculat ed 
the European species of a1de (Alnus co data and Ao inc ana) 
with endophytes obtained from another European species 
(A . glutinosa) and from an Ame ric an pec ies (A o rubra) o 
The A. glut inosa endopbyte symb i osed satisfactorily whilst 
the A. rub a endophyte pe rformed ess satisfactorily, 
mainly because of delay in nodule ormat i on . From this 
it was concl ded that the endopbytes of Al nus species from 
different geog .apb ical . egions may not be ide nt ic a l o 
Howeve , ixation per. ni t we i ght of dry nodule was of the 
same order egardless of inoculum o 
In 1969 Benecke r eported r esu lts rom cross-
inoculat i on expe~iments indicating that inocula from othe r 
species of a lder (Alnus glut i nosa, ~ - nepa l ens is , Ao sinuata) 
were far less likely to form nodules on A. viridis than 
was inoculum from Ae vi idis . 
Mack intosh and Bond (1970) conducted much 
more comprehensive experiments wit h Alnus and Myrica o 
In Alnus 17 unusual combinatjons ( 9 host species with 2 
inoculum sources) wee tested~ of which all result ed in 
nodule formation, but only 9 esu lted in satisfactory 
symbioses In Myrica, of 13 unusual combinations nodules 
were formed in 11 but only one combination was fully 
effective . It was concl ded tbat the Alnus endophyte ex ists 
in a numbe r of oms, eacb able to symbiose with a restricted 
number o unusual host species, but that in My ic a the 
endophytes showed no such abil ity. 
Thu s it has been shown that there is 
intra-gene ic s pe ci icity in bost-endophyte relations 
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in A 1 nus , My i ca and Co , i a . i a . It the e f o e seems poss i b 1 e , 
if not li ke ly , th a t a similar situation exists within 
Casua ri na Q If t his is so, the value of mu c h pr ev iou s work 
on Casua rin a, wh ich ha s assumed no intra-generic spe ificity, 
would be ed ced & A glassbouse expe iment was there ore 
conducted to i nves ti ga t e the extent and natu e of host-
endophyte specificity within Casuarina . 
7 . 2 De si gn of experiment 
As me nt ion ed in the introduction, discussion 
of the genus Cas uari na bas been limited to those species of 
the sect i on Cr.ypto s tomae ~ which includes a few species 
occurring ou t s i de Austr a li a and al1 the Aust alian species. 
Sect i on Cr yp t osto ma e appear.s to fall into two natural 
groups, a sma ll er one (Gr.oup _A) which includes the few 
Malays i an spe ci es witbin tbe section and a few Australian 
ones (£ : crista t a~ £. cunningbamiana, £ . eguiset ifolia 
and£. gl a uc a ) a nd a l a rg er one (Gr.oup B) wh ich is ent irely 
Austral i an . A num be r of morpholog ic al characte s indicate 
that the l atte r, ende mic A stral i an gr oup of the section 
Crypto stomae, is the more special i sed (Barlow, 1959) . 
Barlow fur he r s ubdivid ed the second group, by i ncluding a 
numbe r of spec i e s in what he called the 11 distyla 11 group . 
Si s peci es were selected for study in this 
exper i ment, with ea ch of Barlow's groups being represented. 
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The species, and thei classifications, were: 
C. cristata G oup A 
C. C nninghamiana G oup A 
Ce glauca Group A 
CG stricta Group B 
Ce to .ulosa Group B 
C. littoral is Distyla g oup 
Nodules were collected from each of these 
species to enab le eacb species to be inoculated with 
o gan isms collected fr.om the same species and from each of 
the othe r species in the experiment ~ 
Locations of collection sites for nodules 
from the diffe ent species are listed below o 
Host species Collected at: Latitude(S) Longitude(E) 
C . cristata Ba medman, NSW 34°09 ' 147° 23' 
C. cunninghamiana Coppins Crossing, 
ACT 
35°16 ' 149° 03 ' 
C. st ricta Mt Ainslie, ACT 35°15 ' 149° 10 ' 
C. littoralis Clyde Mtn, NSW 35°34 ' 150° 00 ' 
C . glau ca Nelligen, NSW 35°40' 150° 10 
C. tor ulosa Pymble, NSW 33°45 151° 08 ' 
Clea rly nodu es from f. cunninghamiana and Ce stricta wee 
col l ec ted in close proximity, as were nodules rom 
~- littoralis and f. glauca . If variation between nodule 
sour ces was primarily due to geogr-aphical location, these 
two pairs of inocula would be expected to show similar 
prope rties. 
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Seed of eacb of tbe six species was sown on 
perlit wetted with complete nutrient solution. Three 
weeks l ater the seedlings were planted out in pots (described 
in Append ix 3) filled with complete nutrient solut i on . 
After one month the nutr.ient solution was removed from the 
pots, and replaced with nutrient solution without combined 
nitrogen . This solution was completely removed and 
replaced at fortnightly intervals for the duration of the 
experiment . 
The seedlings were inoculated two weeks after 
they were first supplied with solution without combined 
nitrogen . The inocu1um was prepared by weighing out 30g of 
fresh washed nod ules, soaking for one minute in 70% 
alcohol, washing, and crushing in 100 ml water . 
The suspension was strained through a coarse 
sieve (about 1.5 mm) and 1 ml injected into the solution 
amongst the roots of each seedling. The seedlings were 
inoculated 6-7 hours after collection of the nodules. 
Young nodules (up to about 2.5 cm diameter) 
from the different species were collected on consecutive 
separate days, except that those from C. littoralis and 
f. glauca were collected two hours apart . All equipment 
was soaked in 70% alcohol between being used . 
Twenty-seven seedlings (three pots each 
conta ining nine seedlings) of eacb species were inoculated 
with each inoculum. The pots were arranged in three blocks 
in a randomised block design, there being 42 pots in each 
block . 
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7. 3 Ti me f or no dulation to occur 
Th e tim e laps e from inoculation until first 
appea r an ce of no dules on tbe roots of the seedlings varied 
greatly between ho st species and between ir.oculum sources 
(Table 25) . A pa tt e rn of relationships is evident . 
The ho st s pecies£. cristata, £. cunninghamiana 
and£. glauca behaved simil arly. All formed nodules in a 
relatively short t i me witb inocula from C. glauca and 
C. cunn i nghamiana, and a lso formed nodules with inocula from 
C. cristata and C. to r ulosa , although the times for 
nodulation wi th the s e in ocula were less uniform. 
Consequently th e hos t s pe cies£. cristata, £ . . cunninghamiana 
and£. glauca may be co nsid ered to form a group within 
those spec i es tested . 
C. st ri c t a and£. torulosa together form a 
second group . These spe cies reacted similarly to the 
different i nocu l a (ex cep t that C. torulosa failed to 
nodulate wi th i nocul um fr om C. cristata), but the time 
lapse f r om i noculat i on t o nodulation was greater than for 
the above-men ti oned group. 
C. li t toralis is the only species which 
failed to nodu l at_ wit h any of the inocula. 
Cons eq uently, when considering only time 
lapse from i no c ul a ti on t o nodulation, grouping of the host 
species co i nc i des exact ly witb the grouping proposed by 
Barlow (1959 ) on t he ba sis of morphology and chromosome 
number . 
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Table 25 Time l aps e (number of days) f om inoculation 
to first appearance of nodules on roots. 
Host spec i es: cri d n gla 1 it str 
Inoculum 
Uninoculated 
cri 41 51 29 80 
cun 28 28 28 71 
gla 24 24 24 63 
1 it 76* 
st 80* 
tor 61 46 46 68 
no nodulat ion when harvested, approximately 140 
days afte inoculation ~ 
* 
cri 
cun 
gla 
1 it 
str 
tor 
nodulat ion probably due to contamination. 
C. cristata 
C~ cunninghamiana 
C. glauca 
C. littoralis 
C. stricta 
C. torulosa 
tor 
71 
80 
68 
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There are also interesting differences between 
inocu l um so urces with respect to the time taken for nodule 
appea r a nce . ~ - glauca inoculum produced nodules in the least 
time, fo ll owe d closely by inoculum from~- cunninghamiana . 
Inocu l a fr om C. cristata and Co torulosa were less uniform 
i n the t i me taken to pr.educe nodules. Inocula from 
C. litto r alis an d C~ stricta failed to induce nodulation, 
except in one po t ea cb of C. glauca seedlings - presumably 
due to con t am i na ti on from adjacent pots containing inoculum 
from~ - gl au ca . In case tbe failure of these inocula was 
due to some acci de ntal err.or or was not characteristic, 
nodu l es we r e aga in collected from tbe same stands and 
inocu l ated onto seedlings of C. glauca, ~ - littoralis and 
C. stricta . Aga in inocula fr om C. littoralis and C. stricta 
failed to i nd uc e nodul a ti on on any of the three host 
specie s. 
Bec a us e of differences in time taken for 
nodules to appea r~ s pe cies/inoculum combinations were 
har ves t ed a standa r.c sixty days after the first appearance 
of nodu l es, or appr oximately 140 days from inoculation, 
wh i chever occurre d first. 
It is curious that nodules formed on seedlings 
of C. st ricta and C. torulosa rarely had roots extending 
from nodu l e lo be s , a feature which has previously been 
cons i de r ed characteristic of Casuarina (and of Myrica). 
Nodules f orm ed on C. _crista ta ~ - cunninghami ana and 
~- glauca all had co nspicuous "nodule roots" growing from 
the nod ul e l obe s , irrespective of inoculum source. 
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This observation fur.ther supports the 
grouping of species made on the basis of time lapse until 
nodulation. 
7.4 Number of nodules formed 
In addition to differences in time lapse 
between inoculation and the fir.st signs of nodule 
formation, there were also great differences between host 
species and between inoculum sources in the number of 
nodules formed in the sixty-day period from first appearance 
of nodules (Table 26). 
Number of nodules formed seems to be 
regulated more by the inoculum source than by the host 
species, although both are important. For example, the 
inoculum collected from C. cr.istata induced a small number 
of nodules on each host species, compared with inocula 
collected from~- cunninghamiana and~- glauca. 
Only in~- cunninghamiana and C. glauca 
did the inoculum collected from the host species result 
in greater numbers of nodules than any other inoculum. 
There is no clearly defined grouping of host 
species or inoculum sources on the basis of number of 
nodules formed, beyond the absence of nodules on seedlings 
of C. littoralis or on any species inoculated with nodule 
orga nisms collected from _f. littoral is or~- stricta. 
The failure of seedlings of~- littoralis 
to nodulate was accompan ied by severe reaction by this 
Table 26 Mean number of nodules per seedling sixty 
days after first appea r an ce of nodules. 
Host species: C ri cun gla lit , str 
Inoculum 
Uninoculated 
cri 2 .7 0 . 9 6 . 3 0 . 2 
196. 
tor 
cun 80 . 4 94 . 8 122.8 14 . 3 25 . 9 
gla 
1 it 
str 
tor 
* 
C ri 
cun 
gla 
1 it 
str 
tor 
118 . 0 69 . 6 285 . 9 28 . 6 20 . 2 
1.8* 
0 . 4* 
26 . 4 13 . 3 44 .3 22.2 25 . 7 
no nodulation when harvested, approximately 140 
days after inoculation . 
nodulation probably due to contamination. 
C. cristata 
C. cunningbamiana 
C. glauca 
C. littoralis 
C. stricta 
C. torulosa 
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species to excl us i on of com bined nitrogen from the nutrient 
solution . Sho r t l y aft er the introduction of nitrogen-free 
nutrient solut i on s eed lings off. littoralis began to die 
back from the extr em i t i es of the shoots and branches . 
A sma ll- scale exper i ment was set up to 
determine whethe r th is was due to the higher chloride 
concentration i n the solution (due to use of CaC1 2 
instead of Ca(N0 3) 2 as the sourc e of calcium), or to high 
concentrations of phospho rus rel a tive to nitrogen 
concentrations, or si mp ly t o the exclusion of combined 
nitrogen . The r esu l ts of t his experiment indicated that 
dieback off. lit to ralis seedlings was due simply to the 
exclusion of comb i ne d nitroge n from the nutrient solution -
supply of 7 ppm of ni t r oge n in the nutrient solution 
alleviated the symptom s , which occurred in seedlings grown 
in nit r ogen~f r ee so l ut i on irr esp ective of chloride or 
phosphate concent r at i ons . 
It seeme d possible that the very poor 
physiological cond i t i on of the seedlings of C. littoralis 
might have been tbe ca us e of tb e failure of this species to 
nodulate . An exper i ment was set up to elucidate this. 
Seed li ng s of C. littoralis supplied with 
10 ppm of ni trogen i n t h nutrient solut·ion were inoculated 
with nodu l e or gan i sm s coll ected from f. glauca, f. stricta, 
and c . litto r al i s . Seed lings of these other species were 
also grown and i noculated ~ith the same inocula. See dlings 
of C. glauca inoc ula t ed with organisms from f. glauca 
soon developed nodules which actively fixed atmospheric 
nitrogen, yet seedlings of C. littoralis again failed to 
nodulate . 
Consequently it appears the failure of 
seedlings of C. littoralis to nodulate was due to some 
intrins ic prope rty of the seedlings, and was not induced 
by the poor phys i ological condition of the seedlings 
resulting from exc lusion of combined nitrogen. 
7 . 5 Nitrogen fixation 
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Nit r oge n fixation was indicated by simultaneous 
growth and increase in tissue nitrogen concentration. Shoot 
weight and shoot nitrogen concentration seemed much more 
reliable indicators than root growth and root nitrogen 
concentration (Tables 27 .1 -27 . 6) . 
Clearly tbe number of nodules formed is of 
minor importance compa red with the nitrogen-fixing 
capacity of each nodule . For example C. cristata seedlings 
inoculated with nodule organisms from C. glauca formed an 
average 118 nodules per seedling, yet . fixation was very 
slight, whilst C. cristata seedlings inoculated with nodule 
organisms from C. c ristata formed only an average 2.7 
nodules pe r seedling which fixed sufficient nitrogen to 
raise shoot nit r ogen concentration to almost double that of 
uninoculated control seedlings . 
The mean shoot nitrogen contents (Table 28) 
reveal no ev i dence of nitrogen fixation in seedlings of 
I 
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Table 27.1 Mean values of properties listed below fer host species f. cristata inoculated 
with nodule organisms collected from sources listed below . 
Property No . of Shoot Root Shoot N Root N 
Nodules Weight (mg) Weight (mg) cone . (ppm) cone . (ppm) 
• 
Inoculum source 
' I 
Un i noculated 0 . 0 I 395 486 4929 8576 I 
C. cristata 2.7 402 435 9410 11793 
C. cunninghamiana 80.4 418 371 5509 88 16 
C. glauca 119.0 381 388 5699 I 7797 I C. littoralis 0 . 0 I 411 489 4898 10378 
I 
C. stricta 0.0 419 468 5150 10016 
C. torul osa . 26 . 4 364 I 427 5315 I 9962 1 
I Diff sig 5% 5 . 1 52 43 816 
I 3283 I 
Difference significant at 5% level is mean of 95% confidence intervals, and should be 
regarded as an approximate guide only. 
.-
\,,() 
\,,() 
Table 27.2 Mean values of properties listed below for host species~- cunningh amiana 
inoculated with nodule organisms collected from the sources listed below. 
.-
Property: No . of Shoot Root Shoot N Root N 
Nodules Weight (mg) We i ght (mg) cone. (ppm) cone . (ppm) 
I Inoculum source I 
Uninoculated 0 188 267 7350 13612 
C. cristata 0 . 9 197 262 9299 15177 
C. cunninghamiana 94.8 448 301 
i 18299 I 13501 
l 
C. glauca 69.6 285 238 I 14662 11981 
I 
C. littoralis 0 213 301 7375 13700 
C. stricta 0 I 192 257 ! 7012 14822 I C. torul osa 13 . 3 206 281 7445 
I 
l 13597 I Diff sig 5% 3 . 5 36 I 43 2659 3259 i f I 
' 1 I I I
Difference significant at 5% level is mean of 95% confidence intervals, and should be 
regarded as an approximate guide only. 
I 
N 
0 
0 
Table 27.3 Mean values of properties listed below for host species~- glauca inoculated 
with nodule organisms collected from sources listed below. 
Property: No . of Shoot Root Shoot N Root N 
Nodules Weight (mg) Weight (mg) cone. (ppm) cone . (ppm) 
' 
Inoculum source 
Uninoculated 0 292 397 4573 14328 
C. cristata 6 . 3 302 351 5699 9620 
C. cunninghamiana 122 . 8 380 343 14500 13311 
C. glauca 285 . 9 I 
1167 548 19168 16820 
C. littoral i s ;. 1.8 387 402 10839 16401 (305) (384) (5444) (13785) 
C. stricta ;. 0.4 443 461 1043 1 16275 (36 4 ) (454) (6 930 ) (14324) 
C. torulosa 44 . 3 290 339 5288 14056 
Diff sig 5% 6 . 0 70 54 6575 I 3980 I 
Difference significant at 5% level is mean of 95% confidence intervals, and should be 
regarded as an approximate guide only. 
;. Believed contaminated with nodule organisms from~- glauca. Values in brackets 
show means of two unnodulat ed pots 
N 
0 
~ 
Table 27.4 Mean values of properties listed for host species~- littoralis inoculated 
with nodule organisms collected from sources listed below. 
Property: No. of Shoot Root Shoot N Root N 
Nodules Weight (mg) I, Weight (mg) cone. (ppm) cone. (ppm) 
Inoculum source 
Uninoculated 0 102 57 16158 21293 ~ 
C. cristata 0 112 62 12108 19174 
C. cunning.hamiana 0 120 56 12658 24000 
C. glauca 0 115 73 
I 
14168 18948 
C . li ttoral i s l 0 100 58 1.5548 18724 
C. stric ta 0 95 67 15953 19862 
C. torulosa 0 114 71 14362 18724 
Diff sig 5% 0 22 14 f I f 
' I 
Difference significant at 5% level i s mean of 95% conf i dence intervals, and should be 
regarded as an approximate gu i de on l y . 
f Not estimated . 
I 
' s I 
I 
I 
f 
I'\,) 
0 
I'\,) 
Table 27 . 5 Mean values of properties listed for host species C. stricta inoculated with 
nodule organisms collected from sources listed below . 
Property: No . of Shoot Root Shoot N Root N 
Nodu l es Weight (mg) Weight (mg) cone . (ppm) cone .. (ppm) 
Inoculum source 
Uninocul a t ed 0 . 0 193 157 6792 13727 
C. cristata 0 . 2 230 153 6031 
~ 
13730 
C. cunningha miana 14 e3 188 150 6444 18915 
j C~ glauca 28 . 6 276 197 7097 12 268 
I 
I C. littoral is 0 . 0 206 164 6914 11016 
I C stricta 0 . 0 l 22 5 171 6696 12390 . I I 
I Co torulosa 22 . 2 22 2 181 I 5876 13142 I I Di ff sig 5% 3'. 0 45 42 941 77 61 
i 
Difference significant at 5% level is mean of 95% confidence intervals , and should be 
regarded as an approximate gu id e only e 
. 
J 
I 
I 
N 
0 
w 
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Table 2706 Mean values of properties listed fo r host species f . torulosa inoculated with 
nodule organisms collected from sources listed below. 
Prope rty: No o of Shoot Root Shoot N Root N 
Nodules Weight (mg) Weight (mg) Cenc o (ppm) conc o (ppm) 
! 
Inoculum source 
Uninoculated 0 334 27 1 6120 10519 
Co cristata 0 285 296 6328 11508 
Ce cunninghamia na 25 09 255 23 7 426 7 104 70 
Co glauca 20 . 2 341 31 0 5469 7321 
Co littoralis 0 . 268 263 6584 824 6 
I 
Co stricta 0 210 226 5862 10897 
C torulosa 25 . 7 334 t 219 45 14 10185 
' Di ff s i g 5% 3' .. 4 48 I 40 1058 2899 / l 
Di ffe r ence s i gn i f ic ant at 5% leve l i s mean of 95% confidence interva l s, and shou l d be 
regarded as an approx i mate guide on l y . 
l 
I 
I 
I 
! 
I 
I 
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0 
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Table 28 Mean shoot nitrogen content (microg ams) 
Host species: i · c un gla 1 it str tor 
Inoculum 
Uninoculated ! 1939 1347 1347 1648 1309 1 2037 
I l 
cri 3801 1794 1709 1356 1386 j 1803 
cun 2307 8377 5583 1519 1165 ! 1086 J 
gla 2172 4182 22547 1629 1955 
, 
1869 
l i t 2007 1560 5085* 1555 1400 ( 1769 (1660) 
st r 2168 1341 5205* 1516 1503 1229 
I (2522) , tor 1930 1533 1532 1637 1306 I 1491 r I i 
* Believed contaminated with nodule organisms from 
£. glauca ~ Values in brackets are means for two 
unnodulated pots (18 seedlings). 
cri Co cristata 
cun C. cunninghamiana 
gla Co glauca 
l; t C. littoral is 
str C. stricta 
to Co torulosa 
I 
I· 
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f. littoralis and f. torulosa, and in Co stricta th~re was 
possibly slight nitrogen fixation in seedlings inoculated 
with organisms collected from· f. gl auca 0 
However, for f. cristata, f. cunninghami~na 
and C. glauca there was clear evidence of nitrogen fixation 
having occu red, and in each species fixation was greatest 
in seedlings inoculated with nodule organisms collected 
from the same species as the host o This is a feature of 
great interest since it suggests that, within these three 
species at least, each species has its own endophyte strain, 
with which it symbioses most efficiently, although cross-
inoculation is still possible o 
It is also of interest that these three 
species all belong to the first, less specialised, group 
of Barlow's (1959) classification. 
Thus it appears that the host - endophyte 
relationship is under some genetic control, and that the 
endophytes have evolved with their host species G In the 
more specialised (and presumably more recently evolved) 
species it appea rs that the same degree of. host - endophyte 
specificity does not exist; the species .do not appear to have 
their own particular endophyte strains . 
The rates of nitrogen fixation differ greatly 
between host species ~ Of the range of host-endophyte 
combinations tested, seedlings off. glauca i noculated with 
nodule organisms collected from f o glauca fixed atmospheric 
nitrogen at a much greater rate than any other combination. 
l 
8 . GENERAL DISCUSSION 
The genus Casuarina, with forty-two Australian 
species, is represented throughout Austral ia in a wide 
variety of climatic and ecological conditions . Many species 
occur on particularly infertile soils, and many show a hi gh 
degree of drought tolerance o 
The three species, f . cristata, 
C. cunninghamiana and f a glauca, which were studied in 
greater detail, illustrate the diversity of habitats which 
the plants of the genus occupy o 
Co glauca occurs in coastal areas of eastern 
Australia, generally inhabiting swampy ground in close 
proximity to free brackish or salty water o The water table 
was found to be almost always within one metre of the 
su face, and frequently was within 30 cm of the surface. 
Soil colour was generally dark brown or black, reflecting 
very great contents of organic matter 0 Soils under f . glau ca 
were acidic, rich in nitrogen and sodium, and relatively 
impoverished in calcium . 
f o cunninghamiana occurs throughout eastern 
New South Wales, Queensland and the Northern Territory in 
assoc iation with fresh-water streams . T~is species may 
colonise sand and boulder beds in river floors, but old trees 
usually occur on river terraces, up to about fifty feet 
(sixteen metres) above the present water level o The soils 
under C cunninghamiana wee generally light coloured and 
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light textured, and contained little nitrogen or sodium 
but had greater concentrations of calcium than soils under 
C. glauca . 
C. cristata occurs in inland areas with an 
annual rainfall range of about 8 inches (20 cm) to about 
25 inches (65 cm), and potential evaporation ranging from 
about 60 inches (152 cm) to about 100 inches (254 cm). 
Thus plants of this species would experience long periods 
of drought (in contrast to the prev ious two species). The 
soils covered a wide range of textures, but were 
predominantly of heavy texture. The soil colour was 
considerably redder than the soils under the other two 
species (presumably reflecting water status). Subsoil pH 
va ues under f- cristata were high, but soils were otherwise 
chemically similar to tho e under f . cunninghamiana. 
P obably the most important characteristic 
of the genus Casuarina is its ability to form symbiotic 
nitrogen-fixing root nodules. This no doubt contributes 
to the ability of Casuarinas to grow well on infertile 
' 
soils, and enables many species to act as pioneers in 
primary and secondary succession& 
The nitrogen-fixing capacity of a host-
endophyte combination has been shown to be strongly 
influenced both by the species of the host and by the source 
of the nodule organisms. This would be of great importance 
where Casua ina species are planted for site amelioration. 
l 
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Casua inas and other non-leguminous nitrogen-
fixing plants have been planted in many parts of the .world 
to ·mprove poor soilo They have proven to be aluab e in 
co onizing sand d nes, stabilizing eroded slopes and road 
embankments, and revegetat,ng mine spoils . Greater use for 
s uch purposes could well be made of Casuarina species in 
Australia. In particula , areas of deep sands being mined 
or rutile and zircon pose revegetation problems for which 
Casua ina would appear eminently suited . 
Alnus has been demonstrated to greatly 
i nc ea se productivity when interplanted 1n a douglas fi ~ 
pl an tation (Ta rant, 1961). Similar use of nttrogen-fixing 
pl ants in plantations of Pinus radiata in Australia should 
re eive consideration, as improved site productivity is 
economically desirable and would also reduce tbe need to 
clear native forest for new plantation establisbment e 
Howeve , fo est management of mixed plantations is more 
dif icult than fo monocultures . 
Hamilton (1965) recorded losses of 43-65% 
of tota nitrogen from surface soils during the first 
rotation o Pinus adiata in plantations in the Australian 
Capita Territo Ye Waring (1962) p esented evidence that one 
37-y ear otation of P. adiata had considerably reduced the 
total nitrogen of the soil at Belanglo, N~w South Wales. 
Hatch (reported by Waring, 1962) found at Gnanarra, Western 
Austr.alia that in coastal sands under P. pinaster total 
so·1 nitrogen decreased f om 2400 lb/ac (2700 kg/ha) to 
less than half this within ten years of planting . 
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Poor growth of second rotation plantations 
of Pinus radiata has .caused concern in Australia and New 
Zealand. Investigation pointed to nitrogen deficiency as 
a possible cause of retarded growth of young seedlings of 
P. radiata resulting from regeneration following clearfelling 
of the original plantings at ages of thirty to thirty-five 
years (Stone and Will, 1963). 
The need for crop rotation has been known in 
agriculture for hundreds of years, and the evidence suggests 
successive crops of P. . radiata could lead to site 
deterioration and reduced growth rateso Stevens and Bond 
(1957) suggested the use of alternative crops in the 
rotation or perhaps in combination with P .. radiata. 
Some species of Casuarina, such as 
C. cunninghamiana~ £ . glauca and£ . torulosaJ grow to 
merchantable sizes and have good tree form . Careful seed 
selection may improve stock to produce trees of uniform ~good 
form suitable for timber production . At present Casuarina 
timber is rarely used since it is hard and splits readily. 
However, it is likely that technological difficulties in 
utilizing the timber. might be overcome if Casuar.inas were 
found to be valuable in maintaining site productivity 
through nitrogen fixation. 
As a means of alleviating soil nitrogen 
deficiency nitrogen-fixing plants may be preferable to 
application of nitrogenous fertilizers in the long term, 
since nitrogen-fixing plants add organic matter to the soil, 
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counteracting the tendency of pi nes to reduce the organic 
carbon content of tbe so il , and nitroge becomes available 
gradually and (if nitrogen-f ixing plants are grown 
concurrently with the pines) ove r the full period of the 
rotation . This would probably overcome the undesirable side 
effects reported by Will (1971) when nitrogen fertiliz er 
was applied to yo ung trees of Pinus radiata; fertilize d 
trees showed greater branch growth and r ed uced apical 
dominance . 
There is one problem wh ich might make 
interplanting o pines wit h nitrogen-fixing trees 
unfeasible ~ Factors other than nitrogen availab ility (in 
Australia, particularly water and available phosphorus) 
may also be limiting~ and int eduction of additional 
growing stock would aggravate their shortage . 
Wben Casuarinas are to be planted for site 
amelioration, some p elimi nary r esea ch would be well 
justified. It bas been shown i n this study that different 
species occu naturally in vastly different habitats, yet 
their physiological y optimal environments may be very 
-
similar, from some aspects at least. Consequently species 
which would not be expected to occu at a particular site 
may be found to grow as well at th at site as species 
naturally present . 
Where a choic e of species is possible, trials 
would soon indicate which species is capable of the greatest 
rates of n · trogen fix at ion. At the same time different 
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inoculum sources should be tested, since these also differ 
greatly in rates of fixation e The most effective host 
species - endophyte combination might be found to be 
capable of fixation of atmospheric nitrogen at a rate many 
times greater than the host-endophyte combination occurring 
naturally at the site . 
The foliage of some species of Casuarina 
has been used as stock fodder in times of drought . This 
property might be exploited in plantations of Casuarina 
established to improve soil fertility - lopping of branches 
to feed stock would increase the rate of nutrient cycling, 
and simultaneously improve the productivity of the site. 
Species which bave been recorded to have been eaten by . 
stock include I- cristata, I - cunninghamiana, I · glauca, 
C. luehmannii and I · stricta (Anderson, 1968; Boomsma, 1966; 
Cambage, 1905 band 1911; Mooles, 1891), whilst I o decaisneana 
was reported to be unpalatable (Chippendale, 1958) . 
Many Casuarina species reproduce by forming 
suckers from shallow horizontal roots. Cultura1 techniques 
which induce sucker formation might further increase site 
productivity, particularly in association with lopping for 
stock fodde . 
In conclusion, Casuarina species have sometimes 
been planted to egetate difficult sites . Through their 
ability to fix atmospheric nitrogen symbiotically in root 
nodules, and thus to assimilate organic matte r where other 
plants could not, they may improve soil chem i cal and 
physical properties . Contribution to the ecosystem of 
fixed nitrogen is of great importance, since nitrogen in 
non-elemental form is essential for nutrition of most 
plants and all animal species . 
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The diversity of species enables Casuarina 
to grow under a great range of condit ions, and the extent 
of its usefulness to man should be reviewed . 
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AP PENDIX 1. NAMES OF AUSTRALIAN CASUARINA SPECIES, WITH 
AUTHORITIES 
C. acuaria 
C. acutivalvis 
C. camp es tri s 
C. corniculata 
C • c r i. s ta t a 
C. cunninghamiana 
C. decai.sneana 
C • . decussata 
C. dielsiana 
C. diminuta 
C. dis ty 1 a 
C • d r um mo n d i a.' n a 
C. eguisetifolia 
C. fibrosa 
C. fraserana . 
C. glauca 
C. g .evi.11 eoldes 
C. helmsii 
C. huegel i ana 
C. humilis 
C. inophloia 
C. 1 ehmanni ana 
C. littoralis 
C. leuhmannii 
C. microstachya 
C. monilifera 
F. Muell. 
F. Muell . 
Die 1 s 
F. Muell . 
Miq. 
Miq . 
F. Muell. 
Benth o 
C. A. Gardner 
Lo Johnson 
Vent . 
Mi q ., 
R. & G. Forst . 
CoA. Ga r dner 
Miq . 
Sieber ex Sp r eng . 
Di els 
Ewart and Gordon 
Miq . 
Ott . and Di etr . 
F. Mu e 11 . and F . M. Ba i 1 ey 
Miq . 
Sal i sb . 
R. T. Baker 
Miq. 
L. Johnson 
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C . muellerana Miq Q 
C. nana Sieber ex Spreng . 
C. obesa Miq o 
C. paludosa Siebe r ex Spreng .. 
C. pinaster CoA. Gardner 
f_ • . pusilla . Macklin 
C .. ramosi.ssima C. A. Gardner 
C. ri.gida , Miq . 
C • scleroclada L G Johnson 
C .. str.iata Macklin 
C . stricta .. Ait . 
C. thuyoi.des Miq . 
C. tor.ulosa Ait . 
C • trichodon Miq . 
Two other 3pecies named by L. Johnson have not yet been 
published . 
rd 
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APPENDIX 2 . SOURCE NUMBERS ON SPECIES DISTRIBUTION MAPS. 
In the species distribution maps the number. beside 
each location refers to the source of informaticn .regarding 
that location . These sources are listed below; references 
are listed in full in the bibliography. 
1. National Herbarium, Sydney 
2 .. National Herbar.ium of Victoria, Melbou~ne 
3. .Herbarium, Commonwealth Scientific & Industrial 
.Research Organization, Canberra 
4 . Herbarium, Forest Research Institute, .Canberra 
5. Seed .section, Forest Resea rch Institute, Canberra. 
6. Adamson .and Osborne (1924) 
7. Ander.son (1968) 
8. Audas (1952) 
9 . Baker (1906) 
10. Barlo½ (1958 a) 
ll o . Barlow (1958 b) 
12. Barlow (1959) 
13 . Beadle et al. (1962) 
14 . Beard (1969) 
15. Black (1921) 
16 . Black (1934) 
17 . Blake (1954) 
18. Boomsma (1946) 
19 . Cambage (1904 a) 
20 . Cambage (1904 b) 
21 . Cambage (1905 a) 
247. 
22. Cambage ( 905 b) 
23 0 Cambage (1906) 
24. Cambage (1908) 
25. Cambage (1909) 
26 . Cambage (1911) 
27 . Cambage (1912) 
28 . Cambage (1918) 
29. Cambage (1926) 
30. Chippendale (1958) 
31. Chippendale (1963) 
32 . Chisholm (1937) 
33. Cleland and Johnston (1939) 
34. Cleland and Tindale (1959) 
35. Coaldrake (1961) 
36 . Collins (1923) 
37. Collins (1924) 
38 . Connor (1966 a) 
39 . Conno (1966 b) 
40. Cookson (1954) 
41 . Cookson and Pike (1954) 
42. Crocker (1944) 
43. Crocker (1946 a) 
44. Cr.ocker (1946 b) 
45. Crocker and Skewes (1941) 
46. Davis (1941 a) 
47. Dais (1941 b) 
48 . Ewart (1925) 
49. Ewart (1930) 
50. Florence (1963) 
I 
. 
51 . 
5 2 O• 
Fraser. and Vickery (1939) 
Froggar,t (1933) 
53. Garn et (1965) 
54 . Gillham (1960) 
55 . Gr.aves and Specht (1965) 
56., Hall et al . (1964) 
57. Hamilton (1915) 
58 . .Hamilton (1919) 
.59 . .Hannon (1956) 
60. .Haviland (1911) 
61 . Jessup (1946) 
62. Jessup (1951) 
63 ~ Lange (1966) 
64 . Litchfield (1956) 
65 • . Lothian and Holliday (1964) 
66 . Mackl.in (1927) 
67 . Mcluckie (1923) 
68 . Maiden and Betche . (1904) 
69 . Maiden and Betche (1905) 
70 . .Moore . ( 1953) 
71 . Osbor.ne (1923) 
72 . Osborne and Rober,tson (1939) 
73. Osbor.ne et al . (1935) 
74~ Pa r ker (1966) 
7 5 • _ P. i. d g e o n ( 1 9 3 7 ) 
76 . Specbt (1951) 
77. Specht (1963 a) 
78 . Specht and Rayson (1957) 
79. Specht et al. (1958) 
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80 . 
81 . 
82 . 
83 e 
84 0 
Turner et al . (1962) 
Willis (1964) 
Willis (1969) 
Wood Cl929) 
Wood (1930) 
85 . Herbarium, Botan ic Gardens, Canberra 
86 . Western Australian Herbarium, Perth 
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APPENDIX 3 . METHODS 
A3 .1 Laboratory techniques 
A3 .1 . 1 Analysis for cations 
All analysis of cationic elements was done 
on an atomic absorption spectrophotometer (AAS). The 
digestion method was the same for the determination of all 
elements on the AAS . 
The finely ground sample (soil or plant . 
tissue) was oven dried overnight . Approximately 0 . 5 .g 
was accur.ately weighed into a conical flask. 5.0 ml of 
digestion mixture (7:1 percbloric acid; sulpburic .acid) was 
added, and then 15 ml of concentrated nitric acid was 
added . This was carefully digested on a hotplate until the 
nitric and percbloric acids were driven off . By this stage 
the sample was completel.y digested (except for. some soil 
samples wber.e a small amount of silica remained) . A 
little distilled water. was added after cooling, and the 
solution filtered, with repeated washing, into a 100 ml 
vol umetr.i c fl ask . The solution was then _ made up to 100 ml 
with distilled water . 
The solution thus obtained could be used 
directly for estimation of ~odium, pota~sium, zinc, manganese 
and iron. However, if the concentration of any par.ticular 
element was too high (i . e ~ more than 70% of the concentr.ation 
of the highest standard), further dilution with distilled 
water was necessary before determination of that element. 
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Calcium and magnesium determinations required 
further preparat i on of th e original solution. 
To el i minate interference by aluminium 
(in soil samples ) and phosphorus (in plant samples), 
determination of calcium must be done in the presence of 
sulphate ahd high concentrations of magnesium . A 5 ml 
aliquot of the origina l solution was diluted into a 25 ml 
volumetr.ic flask with H2so 4 and MgC1 2 added to a l eve 1 of 
2% H2so 4 .and 6000 ppm Mg in the final solution . The 
calcium standards lik ew is e contain 2% H2so 4 and 6000 ppm 
Mg . 
For magnes ium determination a 5 ml aliquot 
of the original solution was diluted into a 25 ml 
volumetric flask with the addition of 5 ml of 5% lanthanium 
oxide (La 2o3}, the standar.ds also containing this 
proport ion of lanthanum oxide. 
A3 .1 . 2 Analys is for nitrogen and phosphorus 
Analys is for nitrogen and phosphorus was 
done on a Technicon uto nalyser. The same digested sample 
was used for. simultaneous determination of both of these 
elements. Procedu r e for preparation of samples was as 
follows. 
Finely ground sample material was oven dried 
overnight . About 0 . 5 g was . accurately weighed into a 
conical flask and 6.0 ml of dig es tion mixture added (the 
digestion mixtu r e was made up by dissolving 200 g of 
potassium sulphate and 1.0 g of selenium powder in 1 litre 
I· 
J_ 
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of concentra t ed sul ph uric acid a t about 250°c). The 
sample was then di ges t ed unt il the solution became a light 
straw colour . The s oluti on wa s diluted and filtered into 
a 100 ml volume tri c f l ask . 
Samp l es we r e take n from this final solution 
for determ i na ti on i n t he auto - analyser. 
and uto 
V" 
Ca lc ulat i on of sa mpl e values from AAS 
alyser output . 
Results fr om t he AA S were printed onto 
paper tape, whi l st the ut o ~ na lyser plotted results on a 
continuous cha r t . I n e i the r cas e a set of standard values 
preceded and followed ea c h group of sample determinations. 
Individual values f or each s t anda rd and sample determination 
were derived f rom these sou rc es f or processing by computer. 
A comput er program 11 PEANUT 11 , developed by 
Dr A. V. Spa i n and Dr M.T. Tanton .of this department, was 
used to ca l cu l ate the concen tr a tions of each element in the 
original samp l e . The pr og r am calculated the curve of best 
fit for a set of standa r ds, an d then compared sample 
determ i nat i ons wi th th i s r eg r ession , combining dilution 
factor and sample we i ght to calculat e the final sample 
concentrat i ons . 
A3 . 1 . 4 Dete rmi nation of soil pH 
The so il pH meas ure varies widely with the 
method of pr epa r at i on of a giv en soil. In the preparation 
of the soil system the pri nci pa l variables affecting the pH 
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measurement ar-e drying of the soil sample, the soil water 
content used~ tbe content of soluble salts, the content of 
carbon diox ide as influenced by season or drying, the 
amount of gr.inding given the soil, and the field variation 
from core to core (Jackson, 1962) G pH measur-ement of the 
samples directly in the field moist condition may be 
conside~ed the most valid in terms of the existing soil-
biological environment g However in this study, field 
condition of soils varied from completely saturated (soil 
below water table) to virtually air dryo Thus it was not 
practical to measure the pH directly in the field-moist 
condition. 
Measu rement of air dried soil samples is 
generally used (Jackson, 1962) and was much .mor-e convenient 
for this study ~ It enabled all soil samples to be measured 
unde standard conditionsG 
Several soil-water mixtures are widely used 
for pH measurement . The air-dry soil may be wetted to 
sticky point, saturation point, or one of a range of ratios 
from 1:1 to 1:10 with water. Sometimes pH is measured 
in Cac1 2 or KCl solution to mask the variability of salt 
content of soils and . to reduce "junction effect" at the 
electrode surface, but this results in lowering of the pH 
value by up to 1 . 5 unitsg 
In general the more diluted the soil suspension, 
the higher the pH value found, whetber the soil is acid or 
alkaline ~ The rise in soil pH with dilution from the sticky 
point to a soil :wate ratio of 1:10 is usually of the order 
d 
l 
of 0 . 2 to 0. 5 pH unit, but may be 1 or more pH units in 
certain neutral or alkaline soils (Jackson, 1962) s 
Increase of ~H with increasing mo istur e 
content is much greater at low moisture contents {in the 
vicinity of saturation point and below) than it is where 
water is in excess e Above saturation point, soil pH 
usually varie~ little with increasing water content ~ A 
soil :water ratio of 1:2.5 was selected because this was 
the smallest standard ratio which consistently provided 
excess water. 
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Thus the following method of pH determ inati on 
was used . 
25 . 0 ml of distilled water was added to a 
10 . 0 g sample of air dried and sieved soil o This was 
stirred and al.l owed to stand for five hours. Immediately 
before measurement the sample was stirred again . 
An Instrumentation Laboratory digital pH 
meter witb a combined reference and measurement electrode 
was used for pH determinations . The meter- was set for a 
standar.d of pH 6 . 84 and then tbe slope adjusted to a standa rd 
of pH 4. 01. Duplicate readings were taken for each sample, 
the two readings being made about five minutes apart. 
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A3.2 Glasshouse techniques 
Seedl in gs were grown in plastic containers 
filled with nut ri ent solution . Each conta iner was 23 cm 
square and 10 cm deep, holding approx imately four litres 
of solution . The plast ic lid of each container was punched 
to provide nine holes through wh ich the seed lings were 
suspended and three holes for removing and rene wing nutrient 
solution. Seedlings were supported by a collar of f oam 
plastic . 
To prevent gr owth of algae in the nutrient 
solution, and to minimise heat i ng du ring the day, the pots 
were wrapped in alum i niu m f oil. 
Pots which had been used previously were 
fumigated with formalin vapour befo r e re-use. 
A3 . 2 . 2 Nut rie nt solutions . 
The pots as descr ib ed above were filled with 
nutrient solut io n wh ic h was completely removed and replaced 
with fresh solution at regular i nte rv als . Solution was 
removed by syphoning through rubber tubing, and pots were 
filled by running through tubing solut ion from a bulk 
contained (20 litre capacity) by gravity fe ed. 
For the first two months the solution was 
replaced at monthly intervals, and hence forth at two-weekly 
i nterva ls. 
256 . 
Two basic nutrient solutions were used - one with 
nitrogen as nitrate supplied, the other nitrogen f r ee . Al l 
seedlings were grown with nitrogen supplied for one month 
after planting out before nitrogen free conditions were 
introduced. This was to allow the seedlings to take up 
sufficient nitrogen to enable them to survive the period of 
the experim ent . 
An iron-EDTA solution was prepared as follows: 
26 . 1 g EDTA was dissolved i n 268 ml N KOH, to which was 
added 24 o9 g Feso 4 .7 H20, and then diluted to 1 litre o After 
aerating overnight the solution was filtered to remove a 
brown precipitate & 
A micro-nutrient solution was made up by 
dissolving the following amounts of chemicals in 1 litre of 
water: 
2. 86 g H3so 3 
1.81 g Mn Cl 2 . 4H 20 
0 . 11 g ZnC1 2 
0.05 g CuC1 2.2H 20 
0 . 05 g Co(N0 3) 2. 6H 20 
0 . 025 g NaMo0 4 .2H 20 
The nut rie nt solutions were then made up as 
below (quantities quoted per litre of final solution). 
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Concent ration in final solution 
M Ca(N0 3 ) 2. or ) Ca 80 ppm N 56 ppm ) 2 ml 
M Ca Cl 2 ) or ca · 80 Cl 140 
M MgS0 4 1 ml Mg 24 s 32 
M K2HP0 4 0 . 5 ml K 39 p 15 
Fe-EDTA solution 1 ml Fe 5 
Micro nutrients 1 ml Mn 0.5 
solution 
Zn 0 e05 
Cu 0 .02 
Co 0 . 01 B 0.5 
Cl 0 .67 
Mo 0.01 
N 0 .005 
A3.2 . 3 . Germination 
The seeds were surface sterilized in the pH 
experiment, but not in the nodu l e-spec ificity experiment, 
because seeds of some of the species used in the latter 
experiment, when wetted, formed coagu lated masses bound 
together by numerous coiled hai rs on the seed coats. 
For surface sterilization the seeds were 
washed in 1% AgN0 3 for one minute, then in 2% NaCl and washed 
clean in water . 
Seeds were sown onto pe lite moistened with 
nutrient solution and ge r mi nated in da kness at 25°c. After 
germination, the ge minat i on trays were moved to the glasshous e 
during the daytime; and ba ck in o the dark constant temperature 
room overnight . 
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At three to four weeks after sowing of seed, 
the seedlings were planted out in the glasshouse in pots 
described in section A3.2 . 1, with th eir roots in nutrient 
solution with combined nit ro gen suppli ed . About four weeks 
after planting out experimental conditions were instituted . 
A3 . 2 . 4 Inoculat i on method -
Fresh nodules were washed to remove .adhering 
soil. 30 g nodule material was weighed out, surface 
sterilized in 70% ethyl alcohol for one minute, washed, 
and crushed in 100 ml water (using mortar and pestle). 
Approximately I .ml of th is inoculum was injected into the 
nutrient solution beneath each seedling. 
A maximum of s even hours elapsed between 
collection of nodules from host trees in the field and 
application to experimental seedlings. 
Chemical analysis of inoculum indicated that 
a negligible amount of nitrogen was added to the nutrient 
solution by inoculation - app r ox imately 0 . 1 ppm in the 
final solution o 
d 
APPENDIX 4 . VARIATION IN FOLIAR NUTRIENT CONCENTRATION 
WITHIN AND BETWEEN THE CROWNS OF CASUARINA 
TREES. 
Explorator.y studies were carried out on two Casuarina 
species (£. stricta, £. cunninghamiana) to investigate 
the r.elativ.e importance of variation in nutrient content 
within trees and between trees. 
In the first study using£. stricta, foliage samples 
we r e collected from three positions in the crown~ of eacb 
of thr.ee .tr.ees~ and analysed in triplicate . The three 
sampling positions were: 
1. Base of crown, north side of tree 
2 . highest part of crown 
3 . base of crown, south side of tree. 
The three trees were: 
1 . a large bushy tree (height 35ft, crown spread 
30ft) 
2 . a small spindly tree (height 15ft, crown spread 
5ft) 
3 . a sma ll bushy tree (height 15ft, crown spread 
10ft). 
In the second study, using C. cunninghamiana, three 
foliage samples were collected from each of five crown 
pos itions from each of three trees . Crown positions were 
as for the first study (above) plus mid-way up tbe crown on 
both the north (position 2) and south (position 4) sides. 
c::1 
These trees were all healt hy mat ure t r ees which had been 
planted (i . e . not i n a natu al stand). Heights ranged from 
forty to sixty feet . Tree numbe r 1 was the tallest and most 
vigorous of the three . 
The samples were dried, ground, and analysed using the 
standard procedure des cribed in Appen dix 3 ~ 
Analyses of variance (app roximate only, because of 
heteroscedastic variances) of the elementa l concentrations 
indicated that for all elements except iron variation 
between trees was responsible for most of the variation 
(see Table Al) . Pos ition within the crown was also 
important for iron. 
Inspection of the tabl es showing nutrient concentr.ations 
(Tables A2 ~i~A2 ~9) indicat es in more detail the nature of 
the variation obtained. No pos ition in the crown had 
consistently large or small concent rati ons of most elements . 
However potassium concentrat ion was greatest in the top 
position (position 3) i n all three C. stricta . Calcium 
concentrat i ons we r e least in the top position in all three 
C. stricta and in one£~ cunninghamiana (and very small i n 
another C. cunn i ngham i ana) . Magnes ium concentrations were 
similar to calcium. Iron content was least in the top 
position in five of the six trees . 
Of the th r ee £ . stricta trees, the first (the large, 
bushy tree ) had greater concentrations of most nutrients 
(nit rog en, phosphorus, sodium, zinc and manganese) than 
the other two trees . On the other hand, the lower crown 
TA BLE Al FOLIAR NUTRIENT CONCENTRATION 
Appro ximate signi ficanc e of differences between 
tr ees 
pos iti ons 
trees x positions 
as indicated by analys is of vari an ce . 
Source 
Trees 
Pos i t i ons 
Element N 
* 
C. stricta 
p Na K Ca 
** * ** 
* 
Mg Zn Mn Fe 
** 
* 
Trees x pos iti ons *** *** *** *** *** *** *** *** * 
Source 
Trees 
Positions 
Element 
Ca cunning hamiana 
N p Na K Ca Mg 
** *** *** ** *** *** 
** 
Trees x posit ions *** ** * ** * 
* 
** 
*** 
Significant at 5GO% level 
Sign ific ant at 1 . 0% level 
Signi ic ant at 0.1% level 
Zn Mn Fe 
*** *** 
*** 
** 
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positions in this tree had much smaller concentrations of 
calcium and ,magnesium than those of the other two trees. 
The small spindly tree (number 2) which had the least 
concentrations of nitrogen, phosphorus, sodium, _potass ium, 
zinc and manganese also had the greatest concentrations 
of calcium and iron, and a great concentration of magnes ium. 
Of the three C. cunninghamiana, the largest . (number. 1) 
had the gr.eatest concentrations of nitrogen, phosphor.us, 
sodium, potassium, manganese and ironw The tree {number 2) 
which had the least concentrations of .phospho rus , sodium 
and potassium also had the greatest concentrations of 
calcium and magnesium. 
From this study the following conclusions may be 
drawn: 
l o Variation in foliar nutrient concentrations is 
generally gr.eate r between trees at a site than it is between 
differ.enter.own .positions~ Variation between crown 
positions may, however, be important for i on . 
2. Due to the small number of trees analysed, it is not 
possible to state with ce tainty the effect of crown 
position on individual elemental concentrations ~ However 
potassium concentrations wer.e g eatest in the top of the 
crown in four of the six trees. Calcium, magnesium and 
iron appeared to be at their least concentrat ions at the 
top of the crown. 
3. Most elements (n,t ogen, phosphorus, sodium, potassium, 
zinc and manganese) appeared to be more concentrated in 
the largest and most vigorous trees. 
I I 
I 
4. Ther.e may be an antagonistic interaction between 
sodium and potass i um on the one hand, and calcium and 
magnes ium on the otber, since trees which had greater 
concentrations of sodium and potassium had smaller 
concentrations of ca lcium and magnes ium, and vic e versa. 
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TABLE A2 .1 FOLIAR NITROGEN CONCENTRATIONS (ppm)* 
C. stricta 
Tree 1 Tree 2 Tree 3 Mean 
Position 1 17320 12260 13993 14524 
3 17857 14779 13758 15464 
5 17°822 11250 13940 14337 
Mean 17666 12763 i 13897 I ~ 
C. cunninghamiana 
Tree 1 Tree 2 Tree 3 Mean 
Position 1 18036 18658 16371 17688 
2 20422 18346 I 16377 18382 3 20674 16745 16223 17881 l 
4 19450 16009 17274 17578 
5 21256 17962 16222 18840 
Mean 19968 17544 16493 
* Each tree x position value is the mean of three 
determinations . 
I 
I 
( 
• 
I. 
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TABLE A2 o2 FOL·IAR PHOSPHORUS CONCENTRATIONS (ppm)* 
Position 1 
3 
5 
Mean 
Position 1 
2 
3 
4 
5 
Mean 
* 
C. stricta 
Tree 1 Tree 2 Tree 3 Mean 
1071 409 473 I 6
51 
972 678 553 598 
974 363 
I 
460 735 
1006 483 495 
C. cunninghamiana 
Tree 1 Tree 2 Tree 3 I Mean ( 
1183 711 863 919 
1244 863 1062 1056 
1304 747 942 998 
1092 812· 980 961 
1305 863 944 1037 
1226 799 958 I 
t 
I 
I i 
Each tree x position value is the mean of 
three determinat io ns 
I 
I 
I 
TABLE A2.3 FOLIAR SODIUM CONCENTRATIONS (ppm)* 
Position 1 
3 
5 
I Mean 
l 
Position 1 
2 
3 
4 
5 
Mean 
* 
C. stricta 
Tree 1 Tree 2 Tree 3 Mean 
847 350 473 5·57 
·674 435 674 594 
897 I 408 673 I 659 l 
806 I 398 607 
} 
I 
! . I 
C. cunninghamiana 
Tree 1 Tree 2 Tree 3 Mean 
692 155 212 353 
656 143 234 344 
521 295 251 356 
579 163 246 329 
414 167 138 240 
572 185 216 I 
Each tree x position value is the mean of 
three determinations. 
266. 
I 
f 
I 
I 
I 
I 
I 
267. 
TABLE A2.4 FOLIAR POTASSIUM CONCENTRATIONS (ppm)* 
Position 
Mean 
Pos ition 
Mean 
* 
C. str i cta 
Tree 1 Tree 2 Tree 3 Mean 
1 . 8351 5306 7210 6956 
3 
5 
1 
2 
3 
4 
5 
10444 7676 11151 9757 
9399 4903 8177 I 7493 
9398 5962 8846 
' 
I 
~ 
C. cunninghamiana 
Tree 1 Tree 2 I Tree 3 Mean 
I 
4935 3646 3972 4184 
5680 4537 5250 I 5156 
6627 3652 4418 4899 
6575 3998 4453 · 5009 
4845 4645 4555 I 4682 
5732 4096 4530 I 
i 
Each tree x pos i t i on value i s the mean of 
three dete r mi nations . 
TABLE A2 o5 FOLIAR CALCIUM CONCENTRATIONS (ppm)* 
Pos i t i on 1 
3 
5 
Mean 
Posit i on 1 
2 
3 
4 
5 
Mean 
* 
C. stricta 
Tre e 1 Tr ee 2 Tree 3 Mean -
10915 21781 16792 16496 
10881 7491 5307 7893 
1151 4 21565 18641 17240 
11103 16946 13580 
C. cunninghamiana 
Tre e 1 Tree 2 Tree 3 Mean 
120 69 24764 13654 16829 
14607 23451 11442 16500 
16477 18250 11463 15397 
16727 24358 13544 18210 
1773 2 20047 12176 16652 
15 522 22174 12456 
Eac h t re e x position value is the mean of 
t hr ee determi nations. 
268. 
I· 
TABLE A2.6 
2 6 9. -
FOLIAR MAGNESIUM CONCENTRATIONS (ppm)* 
Position 1 
3 
5 
Mean 
Position 1 
2 
3 
4 
5 
Mean 
* 
C. stricta 
Tree 1 Tree 2 Tree 3 Mean 
1000 1321 1573 1298 
885 958 666 836 
908 1388 1460 1252 
931 1222 1233 
. 
C. cunninghamiana 
Tree 1 Tree 2 Tree 3 Mean 
1057 2310 1649 1672 
1668 2247 1369 1761 
1402 1806 1353 1520 
1287 2164 1522 1658 
1513 2331 1542 1795 
1385 2172 1487 
Each tree x position value is the mean of 
three determinations. 
TABLE A2.7 FOLIAR ZINC CONCENTRATIONS (ppm)* 
Positi0n 1 
3 
5 
Mean 
Position 1 
2 
3 
4 
5 
Mean 
* 
C. stricta 
Tree 1 Tree 2 Tree 3 Mean 
37.3 26.4 33.8 32.5 
43.8 22.0 20.8 28.9 
34.4 25.5 30.5 30.1 
38.5 24.6 28.4 
C. cunninghamiana 
Tree 1 Tree 2 Tree 3 Mean 
55.4 59.5 50.4 55.1 
56.6 52.8 · 5 5. 4 54.9 
60.4 72.9 57.3 63.5 
55.9 57.8 53.3 55. 7 
65.4 44.5 57.9 55 . 9 
-
-
58.7 57.5 54.9 
Each tree x position value is the mean of 
three determinations. 
270 . 
271. 
TABLE A2.8 FOLIAR MANGANESE CONCENTRATIONS (ppm)* 
Position 1 
3 
5 
Mean 
Position 1 
2 
3 
4 
5 
Mean 
* 
C. stricta 
I 
Tree 1 Tree 2 Tree 3 Mean 
164 107 170 147 
245 56 57 119 
230 103 190 174 
213 89 139 
f_. _ cunni nghami ana 
Tree 1 Tree 2 Tree 3 Mean 
-
671 276 264 404 
576 477 161 405 
504 226 195 308 
563 293 152 336 
662 255 255 391 
595 305 205 
Each tree x position value is the mean of 
three determinations. 
I. 
TABLE A2.9 FOLIAR IRON CONCENTRATION (ppm)* 
Position 1 
3 
5 
Mean 
Position 1 
2 
3 
4 
5 
Mean 
* 
C. stricta 
Tree 1 Tree 2 Tree 3 Mean 
199 245 192 212 
129 122 88 113 
147 255 178 193 
158 207 153 
C. cunninghamiari~ 
Tree 1 Tree 2 Tree 3 Mean 
390 288 295 324 
349 260 198 269 
342 238 188 25 6 
320 257 254 277 
413 349 229 330 
363 278 233 
Each tree x position value i s t he mean. of 
three determinations. 
272. 
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FIELD OBSERVATIONS OF ROOT NODULES (Ref Pages 40 and 41) 
The results of root inspections in the field have 
been omitted from the thesis because they were rather incon-
clusive. However, one of the external examiners suggested 
the results probably do have some value and this supplement 
has been prepared to include these observations. 
Failure to find root nodules in the field does 
not mean they are absent because Casuarina trees have very exten-
sive and deeply penetrating root systems, and it is practically 
impossible to completely excavate and examine all the roots of 
an individual tree. 
Of the 100 sites of f.cristata examined, root 
nodules were found at only nine. Of 100 sites each of 
f. glauca and f. cunninghamiana nodules were found at 98 sites 
and 89 sites respectively. As mentioned in the thesis, the 
sites of these two species are subject to ready availability 
of water. 
Nodules were found at one site each of C. littoralis, 
C. stricta and C. torulosa only after several hours of searching. 
The nine sites of C.cristata where nodules were 
found were all in more easterly areas, where the rainfall 1s 
greater than further west. 
,,
 
IQ
 
N
 
..
. ~
 
<
 
IT
I 
:a
 
~
 
-
G>
 
-
"
' 
z n
 
~
 
%
 
z 
IT
I 
z 
(I
) 
C 
-
~
 
,
- »
 ~
 
- z ,.
 
~
 
,
-
,
-
~
{J. 
0 
0 w
 
"°
o 
- Il
l 
~
 
-
..
 
•
 
..
 
•
 
..
 
•
 
- ~ 
-
C
) 
' 
..
 
..
 
-
-
~
 
-
•
 
-
..
. 
i'
 
•
 
s ~ - ~ • 
-
-
I 
I 
-
-
- •
 
I 
I 
I 
Q
) 
-
-
-
-
I 
r; 
•
 
-
0 
-
~
 
,.
 
•
 
•
 
•
 -
•
 
..
 
•
 •
 
T
, 
-
·
 
9Q
 
N
 
.
 N
 >
 
<
 
"
' 
,.
. >
 
G
') 
"
' 
.
-
.
 
>
 
-
z 
z 
z 
~
-
n
 
C 
%
 
>
 
"
' 
,
-
~
/ 
u
, 
0 
-
"
' 
<
 
>
 
~
 
0 ,..
 
>
 
~
 
- 0 z
 
~
 
-
·
 
IQ
 
N
 
.
 w
 
u
, 
,.,
, 
>
 
u
, 0 z >
 
,
- 0 en
 
-
t 
::u
 
- m
 
C
: 
-
4
 
- 0 z 0 .,.
 
::u
 
>
 
- z .,.
 
>
 
,
-
,
-
3 • ,c
 3 
-
-
-
-
-
-
-
-
-
-
- .
 -
-
-
-
-
-
.
 
.
 
••
 •
 
,
 
' , •
 
,
 
•
 
.
 
-
·
 
•
 
.
.
 
_
_
_
_
_
_
_
_
_
_
_
 
i _
_
_
_
_
_
_
 
_
 
C 3 3 .. 3 • ,c 3 C 3 
:· 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
- I - -~, 
I 
I ,~, 
•••  ~ 
, .. 
I 
I ., .• 
I \J I 
Ill .. ,. 
9-0)/~ I I 
I 
I 
: - .. ~ - • • - - • - - - • - - - ~- - - ~ - - - • !!' • t 
Fi1. 2.4 NORMAL DAILY MAXIMUM TEMPERATURE 
JANUARY (DEGREES FAHRENHEIT 
• 
tJ 
II 
I 
•• 
.. 
•• 
1.1 
1.1 
••• 
, .• 
, •.• 
.... 
.... 
11.J 
0 
I 
I I 
.----------------- ~==~~~=~--, I I 
: ~I\-.. : 
I 
I 
I 
Fig. 2.5 NORMAL DAILY MINIMUM TEMPERATURE 
JULY (DEGREES FAHRENHEIT) 
' - ~5 
~ 
~ ......... ~ . ,,,,, 300 
Fig. 2.6 AVERAGE FPOST FREE PERIOD 
(DAYS PER ANNUM) 
0 
Joo 
.... ___ 65 
., 
\\ioof200 
\'s,{00 
